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Abstract
Abstract
The synthesis of polyethylene glycol)-based surface active agents was undertaken via 
copper mediated living radical polymrisation.
In a first approach, polyethylene glycol) was used as macroinitiator for the synthesis 
of polyethylene glycol) methyl ether-b-poly(methyl methacrylate) (MeOPEG-b- 
PMMA) block copolymers. The living character of the polymerisation was 
demonstrated, but MeOPEG was found to be a slow initiator.
In a second approach, MeOPEG was used as a methacrylate macromonomer 
(MeOPEG-MA). Graft polymers were obtained by polymerisation in toluene and 
water, and various block copolymers, aiming to increase the hydrophobicity character 
of the final molecules, were also synthesised.
The kinetics of the polymerisation was then studied, and various oxygen containing 
molecules were found to influence the polymerisation by polarity effect on the 
solution and potential competitive coordination with the ligands on the copper 
catalyst.
Finally, the physical properties of the block and graft copolymers synthesised were 
tested. Thermal analyses, surface properties of the PMMA block copolymers and 
aggregates formation in aqueous solution were investigated.
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Introduction
Chapter 1 Introduction
Radical polymerisation is to date a major method to synthesise high molecular weight 
polymers. Its success among industrial and academic laboratories comes from its 
apparent simplicity to undertake, the wide range of vinyl monomers that can be used 
and the mild reaction conditions necessary. Indeed, among the other chain growth 
polymerisation technique like ionic or coordination polymerisation, radical 
polymerisation does not need expensive catalysts, is tolerant to various monomer 
functional groups, to a large temperature range (-20 to 200°C) and does not need 
drastic purification and preparation methods (products can be obtained without 
removal of the stabilisers present in the commercial monomers, in presence of traces 
of oxygen and polymerisation can even occur in aqueous solution). In addition, many 
monomers can easily copolymerise by radical process, leading to an almost infinite 
number of copolymers with properties depending on the proportion of the 
comonomers. Such properties make of radical polymerisation the process of choice 
for industry, undertaken in bulk, solution or suspension/emulsion reactions.1
1.1. History of Living radical Polymerisation.
In 1920, Staudinger2 was the first to come with the idea of macromolecules, and 
proposed the principle of chain polymerisation, initially thinking that monomers were 
connected head to tail by covalent bonding in large cyclic structures. Thirty years later 
the basic mechanism of free-radical polymerisation was set, and remains almost 
unchanged nowadays. The essential steps are the initiation and propagation which 
involves radical adding to the less substituted end of the double bond. The termination 
step occurs when two radicals react together, either by combination or by 
disproportionation (transfer of hydrogen leading to unsaturated end group) . 1 Other
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reactions resulting in dead chains are transfer reactions. As free radicals are very 
reactive, they can attract hydrogen from many molecules present in solution (solvent, 
impurities, monomer, etc.). In the case of a growing polymer chain, this would 
terminate its progression, but create a new radical that can initiate a new polymer 
chain. Therefore, the number of propagating species is kept constant, but the average 
molecular weight of the polymer produced is reduced. This process has been exploited 
for the synthesis of low molecular weight polymers, by deliberate addition of chain 
transfer agents, which present a labile X-H bond and therefore promote the chain 
transfer reactions. Example of such processes can be found in telomerisation,3 
mercaptans based polymerisation4 or organo-cobalt complexes based polymerisation.5 
The major problem encountered by free radical polymerisation is the lack of control 
over the macromolecular architecture: Reactions of termination and transfer lead to 
broad molecular weight distributions and make impossible to target a pre-defmed 
architecture. With the growing of speciality industries over bulk production, one is yet 
more attracted to well-defined architecture polymers than bulk products. This involves 
polymers with well-known degree of polymerisation, molecular weight distributions, 
end functionalities, chain architectures and compositions.
The first system elaborated to answer this demand was an ionic polymerisation 
presented by Szwarc in 1956.6>7 In two publications, Szwarc described the 
homogeneous electron-transfer-initiated polymerisation of styrene and isoprene and 
conclusively demonstrated the lack of termination and chain transfer in this process 
(figure 1 .1), mainly due to the charge repulsion of the active chain ends.
3
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Initiation
Figure 1.1: Anionic polymerisation of Styrene in presence of BuLi.
Therefore, the polymer chains retain their capacity to add monomer and continue their 
growth, increasing their molecular weight linearly with the monomer conversion, until 
all the monomers present are consumed. An addition of a new batch of monomer 
would make the chain carry on growing. As these growing polymer chains could 
virtually never die, Szwarc named this process living polymerisation. This was of 
primary importance to synthesise more elaborate architectures, like block copolymers 
by sequential addition of different monomers, or end-group control. However 
molecular weight control and narrow molecular weight distribution were not 
necessarily obtained. To do so, fast initiation by comparison to propagation would be 
necessary, in order to avoid production of new chains while those previously formed 
still continue their growth and exchange between species would need to be fast by 
comparison to propagation. More work was since then undertaken in order to improve 
this system, and well controlled polymer structures were successfully achieved.8-12 
During the last 50 years, many new systems have been proposed for living 
polymerisation. The first system in which dormant and active species were both
4
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clearly observed and the kinetics and thermodynamics of the exchange reactions were 
determined was the cationic ring-opening polymerisation of tetrahydrofuran.13-15 This 
concept of equilibrium between a non active (dormant) polymer chain and a growing 
(active) one was utilised in anionic polymerisation to develop the group transfer 
polymerisation. 16 Since then, many research groups reported various systems showing 
a living process, as in anionic polymerisation, cationic polymerisation, 17-21 or 
coordination polymerisation.22-24 Unfortunately, most of these systems suffer of 
numerous limits, economical (drastic experimental procedures) or technical (limited 
polymerisable monomers) which restrict their industrial use.25 
These numerous disadvantages promoted the interest in the control over the 
architecture of polymers synthesised via radical process, and led to two different 
approaches of the problem. Up to the 1980’s, researches were based on systems in 
which bimolecular terminations were rare or even non-existing, due to the physical 
nature of the reaction, or the direct environment of the end chain. Among these 
methods one can find the precipitation polymerisation,26'27 some of the template 
polymerisations28 and the polymerisation in clathrates.29 In this case, control is 
generally obtained by physical stabilisation of the growing chains. However, such 
systems are very specific, and can not synthesised block copolymers.30 From the end 
of the 1980’s, a new system based on the formation of radical active species from 
dormant species was adopted, leading to the appearance of new radical techniques 
offering a better control on molecular architecture, functionalities, molecular weight 
control, etc. This new area extended so fast that soon the literature was scattered by 
various terms aiming to describe this process: controlled polymerisation, living, 
living/controlled, pseudo-living, living polymerisation with reversible deactivation are
5
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few examples of what can be found in the literature. For better reading, the 
terminology ‘living radical polymerisation’ (LRP) will be adopted through this 
work.31
Otsu et al.32 used the term living radical polymerisation for the first time in 1982 to 
describe a polymerisation in the presence of dithiocarbamates. The term iniferters 
(figure 1 .2 ) was adopted to describe such compounds that could im'tiate, trans\fer and 
terminate a radical polymerisation by analogy to the inifers used by Kennedy et a l in 
cationic polymerisation.33 Numerous studies led to the synthesis of efficient iniferters, 
among which the one based on organosulphur radicals such as symmetrical dithiuram 
sulphides are the most successful (Figure 1.2) .34-35 However, because of slow 
initiation, these systems lead to high polydispersity and poor control over the 
molecular weight of the products.
Figure 1.2: Iniferter equilibrium in the polymerisation of styrene.32'34*35
A new system describing the control of radical polymerisations by a stable free radical 
based on a nitroxide was patented in 1985 by Solomon and Rizzardo.36 It took 
however eight years until Georges and coworkers showed the importance of such 
system by reporting the control bulk radical polymerisation of styrene in the presence 
of 2 ,2 ,6 ,6 -tetramethylpiperidinyl-l-oxyl (TEMPO) .37 This opened the way to the
6
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nitroxide mediated polymerisation (NMP), still investigated nowadays. In 1995, two 
group reported the use of transition metal complexes, RuCl2/(PPh3)238 and 
CuCl/2bipy39, to undertake control polymerisation of respectively methyl 
methacrylate and styrene. Both systems were later proved to be successful for various 
monomers, and led to an important increase of research in the transition metal 
mediated living radical polymerisation field involving various metals: Cu(I) ,40,41 
Ni(II) ,42,43 Fe(II) ,44 Pd(II)45 and Rh(III) .46
Finally, the most recent development in LRP techniques was presented in 1998 by 
Rizzardo and coworkers who used the degenerative transfer process to lead to the 
radical addition-fragmentation chain transfer (RAFT) .47 RAFT has yet been 
demonstrated to be applicable to a wide range of monomers.48,49
1.2. Classification of Living radical polymerisation techniques.
One of the most important difference between free radical polymerisation and LRP is 
the life time of a polymer chain. In the case of conventional radical polymerisation, a 
chain is created, grows and dies in about 1 sec. On the other hand, in the case of LRP, 
it takes several hours for the polymer chains to grow, allowing any modification on 
the structure (e.g. end-functionalisation, variation of monomer, etc.). The keys to 
obtain LRP and well-defined structure polymers relies on (i) a rapid exchange 
between the dormant species and the growing chains, by comparison to the 
propagation or termination reactions (which means that the number of monomers 
added to the active chain before it comes back to the dormant state needs to be as low 
as possible), (ii) a low concentration in species involved in chain breaking reactions 
and (iii) a fast and quantitative initiation.
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As the number of techniques following those keys keeps increasing, many ways of 
classified LRP methods have been proposed.50'56
Matyjaszewski has defined four different cases, classified according to the 
mechanistic of the process.56 In the four groups, the dormant species is activated with 
the rate constant of activation (ka) to form the active species P„\ Pn* undergoes 
propagation and reacts with the monomer M with a propagation rate constant kp. The 
propagating species can be deactivated back to a dormant species (k<j) or reacts 
irreversibly with other radicals with the termination rate constant kt. In all living 
radical polymerisations, as the concentration of radicals is kept low, termination 
reactions can sometimes be neglected.
1.2.1. Spontaneous equilibrium between dormant and active species -  
Dissociation / Combination.
This kind of equilibrium is the most encountered (Figure 1.3). It corresponds to the 
homolytic break of a weak covalent bond at a high enough temperature. Good 
examples are the nitroxide mediated polymerisations, with TEMPO36-57 or bulky 
acyclic nitroxides,58-59 or iniferters polymerisation.32-34-35 Other species corresponding 
to this scheme are triazolinyl radicals,60 bulky organic radical like trityl,61 photolabile 
C-S bonds,32 organoborates62 and even organometallic species with an odd number of 
electron as Cobalt(II) .63-64
8
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n
Figure 1.3: Spontaneous equilibrium between dormant and active species.
Figure 1.4 shows the typical example of TEMPO. Nitroxyde has been shown to be 
efficient with styrene and derivatives,36-57 acrylates and acrylamides monomers.58-59 
To date, the synthesis of nitroxides able to polymerise methacrylate is still a 
challenge.
Figure 1.4: TEMPO LRP equilibrium in the polymerisation of styrene.36-57
1.22. Catalysed equilibrium between dormant and active species -  Atom 
transfer.
This case is close to the previous one, the difference coming from the need of a 
catalyst to break the covalent bond (Figure 1.5). This reaction is close to the organic 
Kharasch reaction65 or atom transfer radical addition in the case of a selective 
monaddition. X is generally a halogen atom (Cl or Br) and Y a transition metal
9
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(Ru(II) ,38 Cu(I) ,39-41 Ni(II) ,42-43 Fe(II) ,44 Pd(II)45 and Rh(III).46) complexed by various 
ligands. This complex is implicated in a redox process (pair Metal(n) / Metal(n+1)) 
where the halogen atom is transferred from the dormant species to the reduced 
transition metal to form the oxydated transition metal and the growing chain. Hence 
the name transition metal mediated living radical polymerisation. Because of the 
presence of a catalyst, the mechanism is more complicated than seen in case 1.2.1. It 
is not yet well understood if the propagation takes place from a growing radical 
species or by coordination of the active species to the transition metal.
k.
—P — X +  Y —n kKd
X ....... Y :  +  x -Y
Figure 1.5: Catalysed equilibrium between dormant and active species.
By choosing the right transition metals or ligand, transition metal mediated LRP has 
been shown to polymerise any monomer with activated double bonds, but not yet the 
vinyl acetate. Copper mediated LRP (Figure 1.6 ) will be more specifically discussed 
in the following section.
Cu(ll)Br21 2L
Figure 1.6: Copper mediated LRP equilibrium in the polymerisation of 
styrene.39-41
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1.2.3. Degenerative chain transfer.
This case relies on the transfer of species between growing radical chains present at 
very low concentration and dormant species (Figure 1.7), present at higher 
concentration (three or four orders of magnitude). This system was described for the 
first time by Tatemoto et al.66 using alkyl iodides (X = I) and reutilised by 
Matyjaszewski et al. who introduced the name of degenerative transfer.61 It is 
however only recently that this system has shown is strength with the introduction of 
thioesters, leading to the RAFT process.47"49 It is noted that in this case, the 
equilibrium is not shifted toward the dormant species but the activation and 
deactivation process are equivalent, ka = kd = Exchange-
Figure 1.7: Degenerative chain transfer.
The RAFT process (Figure 1.8) seems to date the most powerful LRP. Nearly any 
monomers can be polymerised to give well-controlled molecular weight polymers 
with narrow polydispersity.
k‘a
l i
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Figure 1.8: RAFT equilibrium in the polymerisation of styrene.47-49
1.2.4. Equilibrium between a non-radical species and a growing macroradical.
More rare encountered than the previous ones (Figure 1.9), this case as been described 
in the litterature for metallic or organometallic systems showing an even number of 
electrons (Cr(II) ,51>53 Al(III) 53’68 or for non-metallic species like some phosphorus 
derivated.69-70 The growing radical reacts with a species containing an even number of 
electron, forming a persistent radical that does not react with each other or with the 
monomer.
Figure 1.9: Equilibrium between a non-radical species and a growing 
macroradical.
12
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1.2.5. Difference between living radical polymerisation and controlled radical 
polymerisation.
A polymerisation is ‘living’ if the termination and transfer reactions are neglectable 
by comparison to the propagation and activation/deactivation steps, but can have a 
slow initiation leading to a bad control over the molecular weight distribution 
(iniferters polymerisation32-34-35 for instance). However, a polymerisation is 
‘controlled’ if it can synthesised well-defined architectures, introduce chain end 
functionalities (Catalyst Chain Transfer Polymerisation (CCTP) 63-64 for instance), 
control the composition of copolymer (block, graft, etc.) and have a molecular weight 
targeted by the ratio [Monomer] / [Initiator] and a narrow polydispersity index (PDI).
1.3. Kinetics of LRP.
The basic reactions involved in a free radical polymerisation are initiation, divided in 
decomposition of the initiator (kdec) and initiation of the first monomer (k), 
propagation where the radicals formed react with the monomer (kp) and termination 
which can be either by disproportionation (ktd) or combination (kte) (figure 1 .10).
Figure 1.10: Basic reactions involved in a free radical polymerisation.
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Since the decomposition of the initiator is far slower than the reaction of I with the 
monomer, the decomposition step controls the rate of initiation, R,, which is defined 
by:
dt
where / ,  the initiator efficiency, is the fraction of primary free radicals I That 
successfully initiate polymerisation.
Assuming that the rate of propagation, Rp is independent of the length of the chain,
R = _ £ M l = kp[M][Pn] eq.1.2
v dt
Finally the termination rate can be represented by:
R, = - ^ S J  = 2k„ [ P . f  + 2k„ [P ,]’ =2k, [P„ f  
dt
eq.1.3
with kt the overall rate constant of termination, kt = ktc + km
At the start of the reaction, the rate of formation of radicals greatly exceeds the rate at
which they are lost by termination. However, [Pn ] increases rapidly and so does the
rate of termination. A value of [Pn ] is soon attained at which the termination rate 
exactly equals the rate of radical formation, the reaction is said to be under steady- 
state condition. Therefore,
R ( =R,
d[I ] d[P, ]
dt dt
and so,
2 / k dec[I2] = 2kt [Pnf  
which, rearranged, gives:
eq.1.4
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[P„]
f K M
K
eq.1.5
This equation can be substituted in eq.1.2 to give a general expression for the rate of 
propagation,
R„
v v 1/2
—*—¡75— f in [M][I] 1/2
K
eq.1 .6
From eq. 1.6 , it can be seen that the radical polymerisation is first order with respect to 
the monomer but depends only of the square root of the concentration in initiator.
In the case of living radical polymerisation, the rate of initiation will be faster than the 
rate of propagation for all the polymer chains to grow in parallel. Also, in the absence 
of termination and chain transfer reactions, the rate of propagation can be expressed 
by:
d[M]
dt
kp[P/][M ] eq.1.7
with [Pn*], the concentration in active growing chains, equal in the ideal case to the 
initial concentration in initiator.
This expression is more simple than in classic free radical polymerisation, and gives 
indication for following a LRP.
By integrating eq.1.7, we obtain :
1, [M]
And, as the ratio [M]o / [M] is directly linked to the monomer conversion, C, by
£M]n _ [M] 0 _  1 _  1 _ _ 1  e(
[M] [M]0 -[P ] [M]0 -[P ] t [P] 1 -C
[M]0 [M] 0
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with [M]0, [M], [P] respectively the initial concentration in monomer (t=0), the 
concentration in monomer and in polymer at a time t.
Therefore, by plotting In (1/(1-C)) vs. time, one should obtain a straight line, evidence 
of a constant concentration in active species [Pn*] and can measure the apparent rate 
of polymerisation, kp [Pn*].
At any time, the number of monomers in the growing chains (DP, degree of 
polymerisation) should be the same for each chain, and can be calculated by eq. 1 .1 0 :
where [M] 0 and [I]o are the initial concentration of monomer and initiator, C the 
monomer conversion and FW(M) the molecular weight of the initiator.
Therefore, when plotting the molecular weight of the growing chain vs. the 
conversion of the reaction, one should obtain a straight line, showing the parallel 
growth of each active chain in time. This leads also to the definition of the theoretical 
molecular weight, Mn, * (eq. 1.12):
As a conclusion, linear kinetic plots and molecular weight evolution, together with a 
good correlation of M n,th and M n>exp and a narrow polydispersity of the polymer 
through the reaction are the parameters that will be considered throughout this work in 
order to define the living character of a polymerisation.
n p _ [ M ] „ - I M ]
[I]
eq.1 .1 0
This can also be written for the number average molecular weight:
eq.1 .1 1
eq.1 .1 2
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1.4. Transition metal mediated living radical polymerisation.
It has bee shown so far the general interest of living radical polymerisation in the 
synthesis of well-controlled macromolecular architectures. As this work is almost 
exclusively related to transition metal mediated LRP, we propose inhere a closer look 
at this technique.
Transition metal mediated living radical polymerisation was first reported almost 
simultaneously in 1995, by the research groups of Sawomoto38 and Matyjaszewski.39 
Based on the same principle as the Kharasch reaction65, a transition metal complexed 
by ligands is oxidised by the transfer of an atom (generally halogen) from a dormant 
molecule, transforming the latter in an active chain which can undergo 
polymerisation, hence the appellation atom transfer polymerisation (ATP).
In an example of the Kharasch reaction, a homolytic break occurs on a relatively weak 
carbon halogen bond in the presence of a transition metal catalyst, with transfer of the 
halogen to the metal complex. The radical formed undergoes then an addition to the 
least hindered end of a double bond, followed by transfer of the halogen atom to the 
other end. This process is known as atom transfer radical addition (ATRA) (figure 
1.11). The same process is observed for intramolecular addition to form ring 
structures, known atom transfer radical cyclisation (ATRC) .71
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Mt n +
X
Mt n +  R. I M t n+1 — X +  R \ / ? Y
Figure 1.11: Mechanism of the Kharasch reaction.
If Y is an a-electron withdrawing group, the C-X bond is even more weakened and 
further Kharasch type reactions can occur, hence the principle of transition metal 
mediated living radical polymerisation of (meth)acrylates and styrenes.
As seen previously, the driving principle of LRP is to keep the concentration of 
propagating species low and constant to minimise bi-radical terminations. This is 
achieved here by the reversible capping of the propagating species by a halogen atom. 
A rapid equilibrium is established between dormant and active species and, for a rate 
of initiation faster than propagation, all chains begin to grow at the same time. This 
can lead to narrow polydispersity polymers (typically PDI <1.3) with Mn determined 
by the ratio [M]:[I].
The initiator used has generally a structure similar of the monomer polymerised, and 
introduce a halogen atom in the reaction.
The exact nature of the active catalyst is not well understood and might well vary 
from metal to metal and indeed even between similar and related ligands with the 
same metal.40 For example, co-ordination of olefmic monomer would be expected for 
catalysts based on Ru(II), Rh(III) and Pd(II) but maybe less likely in the case of Cu(I).
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However, there is no evidence that the propagation proceeds via attack of a 
propagating chain on to co-ordinated monomer in any system to date.
1.4.1. Rhodium mediated living radical polymerisation.
Wilkinson’s catalyst (RhCl(PPh3)3) is well known for the reduction of olefins by a 
mechanism involving complexation of the substrate to the metal centre and has also 
been successfully applied to ATRA reactions72. The bulk polymerisation of styrene at 
130 °C initiated by p-methoxybenzenesulphonyl chloride (MSC) and mediated by 
Wilkinson’s catalyst was reported by Percec to give less control than systems based 
on ruthenium and copper73. An increase of the catalyst concentration resulted in lower 
polydispersity polymers, but the values still ranged from 3.0 to 1.8, considerably 
higher than those achieved in most of other controlled living radical polymerisations. 
Tessie also used Wilkinson’s catalyst for the polymerisation of methyl methacrylate 
(MMA) initiated by 2,2’-dichloroacetophenone.74 The polymer was obtained with 
relative narrow molecular weight distribution (PDI ~ 1.5) and polymerisation 
followed a first order kinetic in tetrahydrofurane THF solution. When changing the 
solvent to THF / 40% water, the same degree of control was obtained but a faster rate 
of polymerisation was observed.
1.4.2. Rhenium mediated living radical polymerisation
Sawamoto’s group produced the use of [Re02I(PPh3)2] / Al(0/Pr) with alkyl iodide 
initiators to polymerise styrene:75 With an initiator efficiency close to 100%, and 
polydispersities under 1.5, the polymerisation offered a good living character, and was
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faster than a comparable reaction mediated by RuCl2(PPh3)3 (~100 % conversion after 
6  hours) at 100 °C in bulk. When extended to the polymerisation of substituted 
styrenes (p-chlorostyrene and / 7-methylstyrene) in toluene at 60°C, similar kinetics as 
for styrene were observed and all molecular weight distributions were relatively 
narrow (PDI -  1.3) .76
1.4.3. Palladium mediated living radical polymerisation.
Otsu first reported in 1968 the use of palladium(O) for polymerisation: He used carbon 
black adsorbed Pd for the free radical polymerisation o f MMA initiated by 
chlorophorm (CCI4 ).77 Fifteen years later, Tsuji reported that Pd(OAc)2 in conjunction 
with PPh3 was an efficient catalyst of the Kharasch addition of CCI4 with olefins 
leading to high yields at room temperature78. The potential use of this system in the 
industrial application of living radical polymerisation was investigated for the stability 
of the catalyst substituents in water.79 MMA was polymerised in toluene at 70 °C, but 
molecular weight distributions were broad (PDI = 1.6 -  2.3) and initiator efficiency 
was poor ( f  as low as 30 %). Increasing the level of PPh3 lowered even further the 
initiator efficiency ( f  = 2 0  %) but reduced the polydispersity of the final product.
1.4.4. Nickel mediated living radical polymerisation.
The first living polymerisation catalysed by [Ni{o,o’(CH2NMe2)2C6H3}Br] (Figure 
1.12) was reported by Teyssié on MMA and n-butyl methacrylate (nBMA) .43
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In the polymerisation of MMA initiated by CC14 in toluene solution, narrow 
polydispersity polymers (typically PDI < 1.2) were produced in 22 hours at 80 °C. 
When stabilised organic bromides such as Ethyl-2-bromoisobutryrate (2EIBr) were 
used as initiators, M„ values were significantly higher than theoretical values and the 
initiator efficiencies ( /  = Mn, th / Mn, exp) were quoted as 60 % and 40 % for 2EIBr and 
2 -bromoisobutyrophenone respectively in toluene at 80 °C. Experiments using size 
exclusion chromatography (SEC) with differential refractive index (DRI) and ultra 
violet (UV) detectors showed that the UV active 2-bromoisobutyrophenone 
chromophore was fully incorporated in the polymer chain.
As the Ni complex is stable in water, the suspension polymerisation of MMA initiated 
by 2EIBr was investigated: High conversions were obtained with final products 
showing broad molecular weight distribution (Mn = 60,000 g mol'1, PDI = 1.7), but 
the control was still better than the polymerisation in the absence of the nickel catalyst 
(PDI = 6.5).
Sawamoto et al.i0 undertook the polymerisation of MMA initiated with CCbBr in 
conjunction with NiBr2(PPh3)3/ A1 (O/Pr) activator, and obtained good control over 
the final product (PDI = 1.4 at 90 % conversion). When replacing the previous 
initiator by CCU, or mixed halides systems, significantly slower rates of
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polymerisation and bimodal molecular weight distribution polymers were achieved. 
This was attributed to the greater strength of the Ni-Cl bond, differeing therefore from 
the Ru(II) systems which promote living radical polymerisation independently of the 
halogen atoms employed.
The same group showed that NiBr2(PBu3)3/ Al(0/Pr) induced living polymerisation of 
MMA, methyl acrylate (MA) and n-butyl acrylate (nBA) at higher temperatures (up to 
120°C) and faster rates (90 % conversion in 2.5 hours) than those achieved by the less 
thermally stable NiBr2(PPh3) 3.81 Addition of a second batch of monomer as 
conversion approached 1 0 0  % resulted in continued polymerisation at similar rates, 
unlike NiBr2(PPh3) 3 which experienced considerable slowing. The lowest 
polydispersity polymers (PDI ~ 1.1) were obtained when the higher molecular weight 
bromoester functionalised MMA dimer was used as the initiator.
1.4.5. Iron mediated living radical polymerisation.
As iron complexes have been reported to be good promoters in atom transfer radical 
addition reactions72-8*, their use in LRP appears logical. Matyjaszewski« and 
Sawamoto84 reported for the first time in 1997 their uses in living radical 
polymerisation.
Matyjaszewski demonstrated the polymerisation o f styrene and MMA with low 
polydispersity (typically PDI ~ 1.2) and Mn close to the theoretical values, by using 
FeX2 (where X = Cl, Br) complexed by various ligands (e.g. substituted bipyridines, 
trialkylamines, trialkyl phosphines and trialkyl phosphates). Faster rates of 
polymerisation and lower polydispersity polymers were obtained for styrene using 
respectively a catalyst system of FeBr2/P(nBu) 3 and fast initiating molecules such as
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p-toluenesulphonyl chloride and 2EIBr. Sawamoto, at almost the same time, obtained 
living radical polymerisation of MMA initiated by CCI4 in presence of FeCl2(PPh3)2 
(PDI ~ 1.4) with Al(OiPr) as rate accelerator. Tessie investigated also this new 
polymerisation and, using FeCh/ PPI13 in conjunction with the free radical initiator 
2 ,2 ’-azobis-iso-butylnitrile (AIBN), was able to control the polymerisation of 
MMA85. Mn increased with monomer conversion, the concentration of active species 
remaining constant following an induction period attributed to the decomposition of 
AIBN and the establishment of the correct equilibrium between Fe(III) and Fe(II). 
Low polydispersities (< 1.4) were observed when the polymerisation was performed 
in solution and the incorporation of the CN fragment from AIBN initiation was 
confirmed by 13C nuclear magnetic resonance (NMR). Under the same conditions, 
4,4’-azobis-4-cyanopentanoic acid initiated a LRP and gave a carboxylic acid a- 
functionalised product86. 1,1,2 ,2 ,-tetraphenyl-1,2 -ethanediol (a known free radical 
initiator87) in conjunction with FeCU / PPh3 has also been used to synthesise relatively 
high molecular weight poIy(methyl methacrylate) PMMA with low polydispersity 
(e.g. Mn = 171 800, PDI = 1.13)88. The polymerisation took 8  hours to reach 100% 
conversion at 95°C but the poor initiator efficiency (f ~ 50 %) resulted in a much 
higher molecular weight than the theoretical one.
Figure 1.13 : FeCp(CO)2I used to mediate living radical polymerisation of 
styrene.
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A novel half-metallocene Fe(II) complex (Figure 1.13) was introduced by Sawamoto 
et al. for the living polymerisation of styrene initiated by iodo analogue of 2EIBr89. A 
very slow rate of polymerisation was observed, in toluene solution at 60 °C with 
Al(0*Pr) 3 or Ti(0/Pr)4 as activators. The product exhibited however a very low 
polydispersity (< 1.1) and its Mn agreed with the theoretical one. Higher temperature 
(80°C) resulted in a rate increase, without affecting the degree of control. An even 
faster rate was observed when polymerising without activator (unlike that observed 
for other metal complexes) but only oligomers were synthesised. Various other Fe (II) 
complexes were tried (FeLX(CO)2; X = I, Br; L = t|5-C5H5, r|5-C5Me5) without any 
improvements compared to the original complex90. When using bi-metallic clusters of 
type Fe2Cp2(CO)4, good living radical polymerisation of styrene was observed, with 
reaction rates faster than single centred complexes ( 1 0 0  % conversion after 3 3  hours 
in dioxane at 80 °C) with an activating co-catalyst.
Very recently, the controlled polymerisation of MMA without organic halide or 
radical initiator was reported91. The active FeCl2 catalysts and the halogenated 
initiator species Et2NCS2Cl were formed in situ by redox reaction of FeCI3 with 
tetraethyl thiuram disulphide. The polymerisation of MMA was noticeably fast (40 % 
conversion after 8  minutes in anisole at 100 °C) and Mn increased linearly with 
conversion, following the theoretical values and polydispersities stayed below 1.5  
during the polymerisation. The same observations were made when using Fe(III) 
tri(diethyldithiocarbamate) for the polymerisation of MMA.92
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1.4.6. Ruthenium mediated living radical polymerisation.
Ruthenium based living radical polymerisation is based on the organic reaction of 
carbon tetrachloride addition on the double bond of an alkene catalysed by 
[RuCl2(PPh3)3].93 The reaction is highly regioselective as the bulky CC13 group is 
binded to the least hindered end of the double bond, probably due to the formation of 
a radical intermediate which does not escape the co-ordination sphere of the Ru.94-95 
Living polymerisation of MMA was obtained with an activating species of 
methylaluminium bis-(2,6-di-ferf-butylphenoxide) which achieved 90 % conversion 
in 4 hours at 60°C. First order kinetics were observed and polymers had Mn similar to 
those predicted with low polydispersity (typically PDI =1.3 -  1.4). Other monomers 
successfully polymerised by this technique include styrene96 and N,N- 
dimethylacrylamide which polymerised faster but with a poorer molecular weight 
control (PDI ~1.6) .97 The same group studied the effect of additives and concluded 
that hindered Lewis acid such as Al(0/Pr)3 , Ti(0/Pr) 4 and Sn(OiPr)4 accelerated 
controlled polymerisation whereas metal chlorides such as TiCl4 and SnCl4 were 
ineffective. NMR and cyclic voltametry experiments suggested that the former group 
interacted with the Ru species and not, as first thought, with the monomer or 
propagating polymer.98
The RuCl2(PPh3)3/ PhCOCHCl2 initiating system has been shown to be effective for 
the living radical polymerisation of MMA in toluene and water under an inert 
atmosphere. Although addition of Al(0 /Pr)3 did increase the rate of reaction, it was 
found that polymerisation was significantly quicker in the water / toluene mixture 
than in water alone suggesting that complexation of water to the Ru catalyst was 
occurring99.
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Concerning the initiators, polydispersity was lowered when brominated rather than 
chlorinated a-haloesters were used and the dimeric initiator 
(C0 2Me)CH2C(CH3)(C0 2Me)Br produced narrower distribution polymers than its 
unimer analogue 2EIBr certainly due to a more reactive C-Br bond and a higher 
molecular weight reducing the number of primary radical combination events100.
Later, polymerisation mediated by RuH2(PPh3)4 was found to occur at a faster rate 
than that mediated by RuCl2(PPh3)4 and narrower polydispersities (PDI < 1.2) were 
observed without co-catalyst101.
Ruthenium “half-sandwich” type cyclopentadienyl complexes are the most recent 
reported catalyst complexes for the living radical polymerisation of MMA and styrene 
using CHCl2COPh as the initiator with Al(0i-Pr) 3 activator. Ruthenium indenyl 
complexes were even more active and did not require a co-catalyst to mediate smooth 
polymerisation. Polymers produced by this initiating system had very low 
polydispersity (typically PDI < 1.15) (figure 1.14).100>102
Figure 1.14: Ruthenium complexes catalysts for the living radical polymerisation 
of MMA.
Ruthenium mediated polymerisation has also been performed using a solid support 
system, using 2-Aminopropyl silica with RuCl2(PPh3) 3 for the polymerisation of 
MMA. The polymerisation occurred relatively fast (91% conversion after 4 hours) but 
the polydispersities of the final products (~ 1.5) were larger than the corresponding
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homogenous reaction employing Al(0/Pr) 3 as co-catalyst. The polymer obtained was 
successfully used to reinitiate polymerisation proving that living polymerisation had 
occurred. Alternative solid supports o f silica gel and basic aluminium oxide were 
tested but it was concluded that the amino functionality was necessary to form the 
active catalyst. 103
1.4.7. Cooper mediated living radical polymerisation.
Copper mediated living radical polymerisation was one of the first transition metal 
mediated living radical systems to be reported, in 1995. Inspired from the atom 
transfer radical addition, Wang and Matyjaszewski polymerised styrene in bulk using 
1-phenethyl chloride (1-PEC1) as the initiator and Cu(I)Br / 2,2’-bipyridine (bipy) as 
the mediating species39. Relatively narrow polydispersity polystyrene (PDI ~ 1.5) was 
obtained and M„ increased linearly with conversion, with values in accordance with 
the ratio [Monomer]:[Initiator]. As the system seemed close to the organic reaction, 
the process was named atom transfer radical polymerisation (ATRP) by its authors. 
This communication was the first of many to follow, trying to understand the 
polymerisation process, increase the number of polymerisable monomers and adapt it 
to the industrial requirements. Today, copper mediated LRP is one of the most 
successful methods to polymerise a large number of monomers in a living and control 
manner.
In their following communication, Matyjaszewski and Wang investigated the use of 
several organic halides (X = Br, Cl) and CuCl / CuBr for the bulk and solution 
polymerisations of styrene, methyl acrylate, butyl acrylate and methyl 
methacrylate104. Stereochemical information from the 13C NMR spectra of PMMA
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prompted the authors to propose that the propagating species was a free radical, since 
the polymer had very similar stereochemistry to that synthesised with a free radical. 
The presence of a transition metal complex in the medium increases however the 
academic interest on the understanding of the process, as a potential copper 
coordination of the active species could occur, and be the source of the propagation.
1.4.7.1. Copper /  ligand complex.
The role of the ligand in copper mediated LRP is to solubilise the copper, in its 
reduced and oxidised forms, and to help in the stabilisation of the redox equilibrium, 
key of the polymerisation (see above). Nitrogen donor species are known to be very 
good ligand for Cu(I) and Cu(II), and among them, 2,2’-bipyridine (bipy) is the most 
used in Cu(I)/Cu(II) chemistry, as a commercially available product. 105 
However, despite the encouraging results obtained when using bipy for LRP, the 
catalyst complex was not fully soluble and consequently heterogeneous catalysis 
occurred. Many research groups work on the elaboration of new ligands to increase 
the solubility of the catalyst complex keeping the right redox potential. The first 
efficient ligand to have been reported was a substituted bipy: 4,4’-Alkyl substituted 
bipyridines (Figure 1.15). Associated to Cu(I)X, it was employed for the homogenous 
polymerisation of styrene73-106 and MMA107-108 and lead to narrower polydispersity 
polymers than unsubstituted bipy.
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Figure 1.15: 4,4’-di(5-nonyl)-2,2’-bipyridine.
As the general synthesis of substituted bipyridines was not trivial, other ligands 
structure were proposed. Haddleton et al. demonstrated the use of A-alkyl-2- 
pyridylmethanimine complexes for the homogenous polymerisation of 
methacrylates40'109. The synthesis of such ligand is a simple condensation reaction of 
2 -pyridine carboxaldehyde with an appropriate amine. The main interest of these 
ligands is the possibility of changing the alkyl chain, either by varying its length to 
influence the solubility of the catalyst without influencing the polymerisation kinetics 
or by incorporating functionalities110. In the polymerisation of MMA, several alkyl- 
substituted pyridinalmethanimines were successful in promoting living character. 
Reaction rates were faster for straight chain alkyls and PDI was observed to increase 
for the branched alkyl ligands. The crystal structure of the isolated Cu(L2)BF4 shows a 
tetrahedral Cu centre (Figure 1.16) and for the first time, a structurally characterised 
Cu(I) complex was used for the polymerisation of MMA, rather than the formation of 
a complex in situ. However, there was no evidence to prove that the isolated structure 
resembled the structure of the active polymerisation catalyst111.
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Figure 1.16: (jV-ethyI-2-pyridinaImethanimine) Cu(I) BF4.
In a constant concern o f meeting industrial needs, commercially available 
multidentate amines, cheaper than bipy, have also been tried to efficiently complex 
the copper catalyst (Figure 1.17).
TMEDA PMDETA HMTETA HMTREN
Figure 1.17: Multidentate amines for the Cu(I) based living polymerisation of 
Styrene, MMA and MA.
The amino ligands were used in the polymerisation of Styrene and methacrylate in 
bulk and methyl methacrylate in anisole. The homogeneous CuBr complex solutions 
led to living polymerisations characterised by narrow PDIs (PDI ~ 1.3 for styrene, 1.2 
for MMA and 1.1 for MA) and linear increase of Mn with the conversion.112 
HMTREN however led to a heterogeneous system for the polymerisation of butyl
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acrylate and styrene (PDI < 1.2) and was not efficient for MMA, with poor control 
and low conversion achieved.113
More recently, Johnson et al. reported the successful use of nine quadridentate 
nitrogen donor ligands for the polymerisation of MMA. The living system exhibited 
the best molecular weight control when catalysed by [Cu{en(Bn)py}Cl]BPh4 (Figure 
1.18), with PDI <1.1, 90 % conversion being achieved after 90 minutes in anisole 
80°C114. This high rate of polymerisation (when compared to bipy system) was 
lowered by the addition of bulk to the pyridine ring, which decreased also the 
molecular weight control. Anisole, used as solvent, was found to increase both 
polymerisation rates and molecular weight control when compared to toluene. When 
fluorinated benzene rings were introduced in the ligands, slower polymerisation rates 
were observed, but the control remained the same.
Flgurel.18: Quadridentate ligand en(Bn)py.114
The use o f flurinated ligands was also reported by Haddleton et al. in a concern of 
recycling the catalyst complex. The solvent used for the polymerisation system was an 
equivolume mixture of perfluoromethyl cyclohexane and toluene, only miscible at 
reaction temperature (90°C). As the catalyst complex was only soluble in the fluorous 
phase, homogeneous catalyse was achieved during the reaction, with easy separation 
of the catalyst from the product at room temperature. Three runs of polymerisation
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could be achieved with the same catlalyst complex, leading to good control over the 
polymerisation (PDI increasing from 1.2 to 1.3 for each run) and final products 
showing a very low amount of residual catalyst.115
Efficient living radical polymerisation was also reported when using the oxidised 
form of copper(I) (Cu(II)). Firstly reported by Matyjaszewski and referred as “reverse 
Atom Transfer Polymerisation”116, a system initiated by AIBN and catalysed by 
Cu(II)/dNbipy achieved high initiator efficiencies for styrene and methyl acrylate but 
not for MMA, which exhibited broader molecular weight distributions (PDI ~ 1.4). 
Maybe more surprising results were presented by Lin and co-workers who reported 
the polymerisation of solketal methacrylate using exclusively Cu(II)Br2 in conjunction 
with an aliphatic tetra-amine ligand 117. In this case acceptable rates were achieved 
and polydispersities < 1.20 were obtained.
1.4.7.2.Initiator.
The role of the initiator in copper mediated living radical polymerisation is of primary 
importance, as fast initiation and low side reaction induction is required to obtain a 
good control over the product molecular weight. As living radical polymerisation is 
tolerant to a wide range of functional groups the initiator is also an interesting way to 
introduce a-functionality in the polymer, or to build specific architecture. Generally, 
alkyl halides (R-X) with either inductive or resonance stabilising substituents are 
efficient initiators for copper mediated LRP. Often, the structure of the initiator is 
similar to the structure of the polymer end group (Figure 1.19). Fine tune can be
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achieved by adjustment of the R group and the leaving group X in order to make the 
R-X bond more labile than the polymer-X bond.
R
X  = Cl, Br 
R' = H, C H 3
Figure 1.19: Generic structures of typical initiators.
The facile reaction o f hydroxyl group with 2-bromoisobutyryI bromide or 2- 
chloroisobutyroyl chloride allows any molecules showing a OH group to be 
potentially transformed in copper mediated LRP initiator. This leads to functionalised 
molecule capable of initiating polymerisation118-119 (e.g. cholesterol or sugar120) or 
specific architectures as block copolymers (when the alcohol is part of a polymer; see 
chapter 2 for details and references), star polymers120-121 and hyper-branched 
macromolecules.122-124
On a different approach, sulphonyl halides have been reported to be very efficient 
initiators because of their low tendency to dimerise and fast activation of olefins, and 
called “universal initiators” by their reporters.41-12* The S-Cl bond found in sulphonyl 
halides is weaker than C-Cl, leading to a faster initiation than propagation, necessary 
for well controlled polymerisation. They have been successfully used with various 
styrenes, methacrylates and acrylates monomers.126
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1.4.7.3. Monomer.
Styrene dérivâtes127, methacrylates40 and acrylates128 monomers can easily be 
polymerised in a control manner using copper mediated LRP, by simply using the 
right copper complex and/or initiator.
Functional monomers such as 2-hydroxyethyl acrylate,129 glycidyl acrylates130, 
acrylonitriles,131 (meth)acrylamides132 have also be polymerised in a controlled 
manner. Other monomers like vinyl acetate, isobutene and iV-(cyclohexyl)maleimide 
were difficult to homopolymerised but copolymerised with monomers such as methyl 
acrylate, acrylonitrile and styrene.133 Well-controlled structure bio-polymers (PDI < 
1.1) can also be obtained from the polymerisation of specific monomers containing 
secondary hydroxyl, primary, secondary and tertiary amino, secondary amido, silyl 
ether and ester linkages.134 This opens new possibilities for copper mediated LRP in 
the direction of the biology-polymer science interface, as the synthesis of possible 
Deoxyribose nucleic acid (DNA) interacting therapeutics could lead to the possible 
templated synthesis for the creation of artificial DNA analogues.135*136
1.4.7.4. Additives.
As it has been seen previously, copper mediated LRP is very robust regarding the 
presence of functional groups in the system. Their presence may even have a 
beneficial effect on the polymerisation. The various effects of additives or solvents 
will be reviewed and discussed in chapter 4, but one can quote, as an example, the 
effect of the addition of low levels of phenols (traditionally added as an inhibitor) to a 
living polymerisation system: It was shown to actually increase the rate of 
polymerisation without decreasing the degree of control of polymerisation of
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MMA.137 It was proposed that complexation of the phenol to the Cu centre modifies 
the structure of the catalyst and makes it more active.
1.5. Polyethylene oxide).
Polyethylene oxide) (PEO) is a crystalline, thermoplastic, water-soluble polymer 
with the general formula X-(0-CH2- CH2)n-Y. The end groups are known to be 
hydroxyl groups only in the case of the lower molecular weight molecules. PEO is 
commercially available in a vast range of molecular weight, from ethylene glycol to 
polymer with repeating units greater than a million. The lower molecular weight 
molecules, with n up to around 150 (~ 6,600 g/mol) are generally referred as 
polyethylene glycol) (PEG) while the higher mass are known as polyethylene oxide), 
polyoxyethylene or polyoxirane.
1.5.1. History.
PEO was first synthesised by Lourenco in 1859. Products with a degree of 
polymerisation as high as six were found when ethylene bromide was heated with 
ethylene glycol at 120°C.138-139 At the same time, Wurtz reported the first synthesis of 
low molecular weight polymers from ethylene oxide, by heating it in presence of 
ethylene glycol for several weeks.140 He noticed also that heating ethylene oxide with 
water140 or with acetic acid141 yielded low molecular weight polymers, while higher 
molecular weight products were obtained when eating the oxide in presence of zinc 
chloride or sodium hydroxide.
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In the late 1920’s, when developing the concept of polymers, Staudinger showed that 
polyethylene oxide) of higher molecular weight could be obtained, and studied its 
synthesis and properties extensively along with polyisoprene and polystyrene.142 He 
proved that molecular weight higher than 100,000 g/mol could be achieved by mixing 
ethylene oxide and alkaline earth oxides. Yields of 50% were obtained after leaving 
the solution for two years.143 It is in 1957 that the first commercial synthesise of high 
molecular weight PEO were reported using catalysts based on specially prepared 
alkaline earth carbonates.144’146 In 1958, Union Carbide Corporation started the first 
industrial production of high molecular weight products under the trademark name 
POLYOX®. It still produces a large amount of this product with molecular weight up 
to several millions, while smaller chains are sold by numerous other companies, under 
various names, for example Polyglycol E (Dow), Polyethylene glycol, Carbowax® 
(Carbide), Pluracol®E (BASF).
1.5.2. Synthesis.
The synthesis of polyethylene oxide) is a classic example of ring-opening 
polymerisation of ethylene oxide (or epoxyde) encountered in many polymer 
textbook. The particularity of the synthesis is that either anionic or cationic 
polymerisation can be used because of the high degree of strain in the 3-menbered 
ring.
1.5.2. ¡.Cationic ring-opening polymerisation.147
The initiators are usually strong protonic acids or Lewis acids in conjunction with co­
catalysts, all of the generic form: R+A'. Initiation take splace by addition o f R+ to the
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epoxyde oxygen atom to yield a cyclic oxonium ion which is in equilibrium with the 
corresponding open-chain carbocation (Figure 1.20).
Initiation
V  + A"R'
YT J
O +  A 
R
RO, ,CH2+ + A
Figure 1.20: Initiation step of the cationic ring-opening polymerisation of 
ethylene oxide.
Both species can propagate either via ring-opening of the cyclic oxonium ion upon 
nucleophilic attack at a ring carbon atom by the epoxide oxygen atom in another 
monomer or via its addition to a monomer in a reaction similar as the initiation step 
(Figure 1.21).
Propagation
V 7
0  +  A
1
R ,
+  A
RO> ,CH2+ +  A CH2+ +  A
Figure 1.21: Propagation step of the cationic ring-opening polymerisation of 
ethylene oxide.
Termination can occur via ion-pair rearrangement of the two species in equilibrium to 
give a polymer with an unsaturated chain end, or by reaction with less stable counter­
ion (AICI3 for instance).
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Intramolecular and intermolecular chain transfer to polymer can occur: The former 
leads to the formation of rings, whereas the latter is an interchange reactions taking 
place with both linear-chain and ring molecules. This polymerisation is complicated 
by other mode of propagation (for instance via rearrangement of the growing chain 
intermediates, or via terminal -OH groups if an alcohol is present or if H+ is the 
initiating species), which makes it difficult to control.
1.5.2.2. Anionic ring-opening polymerisation.148
This is the method the most used in industry to polymerise both polyethylene glycol) 
and polyethylene oxide). The polymerisation can be initiated by hydroxides, 
alkoxides, oxides and metal alkyls and aryls (figure 1.22).
Initiation
V 7  +  B~ M+ -------
0
Propagation
M+ + V  ----- M+
Figure 1.22: Initiation and propagation steps of the anionic ring-opening 
polymerisation of ethylene oxide.
Some initiators including adduct as ferric chloride-propylne oxide, Zn(OCH3), 
([Zn(OCH3)2]2, bimetallic (i-oxoalkoxides, metallopophyrin derivatives of zinc, 
aluminium and manganese, etc. can undergo an anionic coordination mechanism. 
Propagation in this system involves a concerted process in which the monomer is 
inserte into a metal-oxygen bon (figure 1.23).
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Figure 1.23: Propagation steps of the anionic ring-opening polymerisation of 
ethylene oxide by concerted process.
Polymerisations taking place in the presence of protonic substances such as water or 
alcohol (for example to solubilise the initiator when using metal alkoxide and 
hydroxides initiators) involve the presence of exchange reactions (figure 1.24).
M+ + ROH -  - Ro- M +
Figure 1.24: Exchange reaction during the anionic ring-opening polymerisation 
of ethylene oxide in presence of protonic substances.
Similar exchanges can occur between the newly formed polymeric alcohol and the 
propagating chains, resulting in equilibrium between dormant and active chains. This 
leads to the synthesis of polyethylene glycol) with a well-defined molecular weight 
distribution, limited to low molecular weights (usually under 10,000 g/mol).
However, this limitation does not apply when using aprotic polar solvents for an 
initiation by alkoxides and hydroxides or when using other initiators, including metal 
alkyls and aryls and the various coordination initiators, as they are fully soluble in
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solvent such as THF. Polyethylene oxide) with molecular weight as high as a million 
can then be synthesised.
1.5.3. Properties.
PEO is a thermoplastic polymer, with a crystalline structure. In the crystalline state, 
the conformation reported is an internal rotation of 0-CH2, CH2-CH2 and CH2-0  
bonds of trans, gauche, trans respectively.149-150 In the molten state, the helix typical of 
the crystalline state is disordered, with the appearance of a considerable fraction of 
trans, trans, trans conformations.150 These bonds give also a great flexibility to the 
polymer chain.
Low molecular weight polyethylene glycol) are characterised molecular weight wise 
by their number average molecular weight (Mn) and high molecular weight 
polyethylene oxide) are characterised by their weight average molecular weight
(Mw).
PEO is soluble in water and in most of all common organic solvents such as 
acetonitrile, anisole, chlorophorme, dimethylformamide, etc. It is not soluble in 
aliphatic hydrocarbons, and although it has low room temperature solubility in 
aromatic hydrocarbons, PEO is fully soluble in benzene and toluene at elevated 
temperature.151
In water, PEO exhibits an inverse solubility-temperature relationship. 14S-152 From 
being fully soluble at room temperature, the polymer precipitates when the 
temperature is raised close to the boiling point of the solvent. For very dilute solutions 
(0.2% or less), this precipitation is observed as a cloud point, whilst for more 
concentrate solution (0.5% or more), the polymer precipitates as a gel. This
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temperature dependence solubility can be explained by the dual character of POE, as 
it presents both hydrophobic, due to the ethylene units and hydrophilic properties, due 
to the oxygen atoms.153
The same conformations are observed in solution as in the solid state. While the 
polymer adopts the crystalline state helix in water, its conformation is closer to the 
molten state when dissolved in organic solvent (Chloroform, benzene, etc.).154 
In water, NMR spectrometry155 and viscosity156 analyses indicate that each ethylene 
oxide unit of the polymer chain is hydrated by three water molecules, while in 
chloroform or benzene evidences were found for intermolecular association of the 
polymer chains. This brings evidences of the difference in behaviour of PEO in water 
and in organic solvent, mainly attributed to the difference in the conformation of the 
polymer in these solvents. This leads to an application as surfactant at the interfaces of 
non-miscible liquids like water and organic solvents, and was extended to the 
interface water-air. Aqueous PEO solutions surface activity was shown to stay 
constant over molecular weight around 10,000 g/mol, but increases when the 
molecular weight was decreased under this value.157-159
Rheology properties appear to be the main interest of PEO solutions. When PEO with 
a molecular weight greater than about a million is dissolved in water with a 
concentration higher than 5%, the solution behaves as a gel. When the concentration 
is decreased up to 0.5%, the polymer solution exhibits a pseudoelastic behaviour.145 
Finally, and mainly, for highly diluted aqueous solution, PEO has been shown to be 
very efficient as a friction reduction agent, characteristic of the Toms effect.160 In 
effect, PEO makes water more slippery. This friction reduction phenomenon is
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obviously of considerable engineering interest: An example o f application is the use 
of PEO polymers in the paint on the hull of a ship or a torpedo to decrease the drag of 
water and make them move faster.
1.5.4. Industrial applications.161
The main applications of high molecular weight PEO have been introduced in the 
1960’s. They are based on their thermoplastic character and their unique solubility 
and rheology properties, e.g. the ability to increase the flow of water slurries, as 
mentioned above. They are also used as stabilisers of aqueous colloids an dispersions, 
generally by physical adsorption followed by steric repulsion of the modified 
particles.
Low molecular weight PEG, (usually below 6,000-8,000) have been commercially 
available since the 1930’s. They can be used as prepolymers in the synthesis of 
polyurethane, epoxies, silicones or other polymers, or, thanks to their exceptional 
compatibility and water solubility, they find their application as adjuvant in cosmetics 
(creams, lotions, powder, etc.), in industry as pigment dispersants, in agriculture as 
spreading agents, in starch adhesives industry as plasticiser, etc.
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3D Schematic of a MeOPEG-6-PMM A copolymer.
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2.1. Introduction.
Copper mediated living radical polymerisation offers a versatile method for the 
synthesis of di-block (A-B) and tri-block (B-A-B) copolymers. Polymers synthesised 
by any polymerisation technique, e.g. condensation, (A) can be transformed into 
macroinitiators by the introduction of an initiating end group via a simple 
esterification. The subsequent block(s) (B) can then be formed by living radical 
polymerisation. This results in block copolymers of well-defined structure. This 
method is especially interesting when the two monomers polymerise according to two 
different reactions and allows the preparation of a wide range of block copolymers. 
LRP has been used to synthesise a variety of inorganic/organic polymer hybrids by 
the polymerisation o f a range of monomers from poly(dimethyI siloxane) (PDMS) 
macroinitiators. Hydrosilylation of commercially available difunctional hydrosilyl 
terminal PDMS with allyl- or 3-butenyl 2-bromoisobutyrate has been used to form 
macroinitiators for the preparation of tri-block copolymers with acrylates, 
methacrylates163 and styrene.164 The same method has also been applied to hydrosilyl 
pendant PDMS to polymerise styrene from the backbone and form PDMS-g-PS.164 
Similar macroinitiators have been synthesised by anionic ring- opening 
polymerisation of hexamethylcyclotrisiloxane and hydrosilylation of an initiator onto 
telechelic vinyl- or hydrosilyl-terminal or -pendant PDMS, to form tri-block 
copolymers with polystyrene or isobomyl acrylate165 and (meth)acrylates163. 
Polyalkylene chains have also been widely used to synthesise block or graft 
copolymers with styrene. Linear chains such as chlorophenylethyl telechelic 
poly(wo-butene) have been synthesised by cationic polymerisation to form block 
copolymers.166 Commercially available iso-butene-p-bromomethylstyrene copolymer
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have been utilised as macroinitiators for the preparation of poly(/so-butene)-g- 
polystyrene167. Di-block copolymers of polyethylene-co-polybutylene and PMMA168, 
polystyrene169 and poly(4-acetoxystyrene)169 have also been synthesised by LRP using 
a 2-bromopropionic ester macroinitiator prepared from commercial monohydroxyl 
functional hydrogenated polybutadiene (Kraton).
More complex architectures have been formed by the preparation of polynorbomene- 
6-polystyrene and poly(dicyclopentadiene)-ò-polystyrene using ring opening 
metathesis polymerisation of norbomene or dicyclopentadiene, and the addition of a 
bromo-aldehyde to give macroinitiators for the LRP of styrene.170 
Dihydroxy telechelic poly(sulphone), synthesised by the polycondensation of 
bisphenol-A and 4,4’-difluorosulphone and subsequent condensation with acid 
bromide has been reported to provide a difunctional macroinitiator for copper 
mediated living radical polymerisation, from which styrene and BA were polymerised 
to give a ABA tri-block copolymers.171
Alternatively, conventional radical polymerisation and LRP have been combined to 
form A and B blocks respectively: Vinyl acetate (Vac) was polymerised via radical 
polymerisation to yield poly(vinyl acetate) PVAc with trichloromethyl end groups. 
This has been used as an initiator for the LRP of Styrene to form PVAc-b-PS.172 
Radical polymerisation has also been used to prepare a bromine terminated 
poly(vinylidene fluoride) macroinitiator by télomérisation o f vinylidene fluoride with
1,2-dibromotetrafluoroethane. This macroinitiator was then used to synthesise 
polystyrene-6-poly(vinylidene fluoride)-ô-polystyrene (PS-PVDF-PS) tri-block 
copolymers in the presence of copper(I) bromide and a-a-bispyridine complexes.117
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Polar polymers have also been used to prepare macroinitiators, such as 
poly(tetrahydrofuran) from cationic ring opening polymerisation of tetrahydrofuran 
with 2-bromopropionyl bromide to prepare poly(tetrahydrofuran)-Z>-polystyrene by 
LRP.173 This same approach has also been used for the synthesis of polypropylene 
glycol)-g-polystyrene by CuCl-catalysed LRP of styrene with chloromethylated 
phenoxy polypropylene glycol): the macroinitiator was prepared by ring-opening 
polymerisation of propylene oxide and glycidyl phenyl ether followed by 
chlorométhylation.
Poly(ethylene glycol) has also been widely used to synthesis various block 
copolymers. Chen et al. coupled the hydroxyl group of HO-TEMPO with tosylated 
PEG to yield the macroinitiator terminated with a TEMPO unit, which was further 
used to prepare the di-block copolymer PS-b-PEG by LRP of styrene.174 Wang et al. 
used a novel macroinitiator of poly(ethylene oxide) with a 4- hydroxy-2,2,6,6- 
tetramethylpiperidinyloxy end group, prepared by photochemical reaction, for the 
polymerisation of styrene by a living radical mechanism.175
In a different approach, commercially available polyethylene oxide) was reacted to 
form a macroinitiator terminated by ethyl 2-bromopropionate groups on either end of 
the chain and used to form A-B-A type tri-block copolymers by copper mediated 
living radical polymerisation with acrylamide,176 methyl methacrylate and ter-butyl 
acrylate.177 While the control over acrylamide polymerisation was incomplete and the 
initiation efficiency over MMA in bulk was low, good control was obtained with bulk 
ter-butyl acrylate.
Similar approaches were taken by Jankova et a l, who synthesised poly(ethylene 
glycol)-b-polystyrene di-and tri-block copolymers with polystyrene which showed a
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PDI = 1.3, via LRP, initiated by a polyethylene glycol) macroinitiator prepared by 
quantitative esterification of PEG with 2-chloropropionyl chloride.178 
In this chapter, the synthesis of polyethylene glycol) methyl ether macroinitiators, 
and its use for copper mediated living radical polymerisation of MMA, in order to 
form di-block copolymers showing amphiphilic properties is investigated.
2.2. Synthesis o f polyethylene glycol) methyl ether based 
macroinitiator for copper-mediated LRP.
Commercially available (Aldrich) poly(ethylene glycol) methyl ether (MeOPEG) of 
three different molecular weights were used in this study. The actual DP of each 
macromolecule was determined to be 12 (MeOPEG^), 45 (MeOPEG4s) and 113 
(MeOPEGm), using 'H NMR spectroscopy.
2.2.1. Esterification.
Three different initiators with a terminal 2-bromoisobutyrate group were obtained 
from esterification of MeOPEG with 2-bromoisobutyryl bromide in THF, as described 
in the experimental section (Figure 2.1).
H3c 4 - 0
1 .0 —H
Br
Br
THF
(CH3CH2)3N
Figure 2.1: Esterification of MeOPEGx by 2-bromoisobutyryl bromide in THF 
(X=12,45,113).
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As polyethylene glycol) is hydrophilic, it is necessary to dry the starting materials 
prior to esterification in order to avoid side reactions between water and acid bromide. 
MeOPEG was subsequently dissolved in toluene and the toluene-water azeotrope was 
removed under reduced pressure.
Moreover, due to their flexibility, polyethylene glycol) chains are intertwined 
together at high concentration in solution. This intermolecular hydrogen bonding 
made the reaction between the final hydroxyl group and the acid more difficult. It was 
consequently necessary to work at high dilution conditions in order to separate the 
polymer molecules. This effect was particularly strong for longer chains where the 
end group was in lower concentration.
2.2.2. Analysis of the macroinitiators.
The products of esterification were analysed by a range of technique in order to verify 
that 100% of the end groups were active, a condition required to obtain block 
copolymers o f accurate molecular weights by macroinitiator-based LRP.
2.2.2.1.Infra red spectroscopy.
Infrared spectroscopy (IR) was used to confirm the esterification o f the product. 
Figure 2.2 shows typical IR spectra of starting material and final product. The 
characteristic OH stretch of the starting material (black) is replaced by the C=0 
stretch of the ester (red).
48
Chapter 2 Amphiphilic block copolymers
synthesised by LRP with polyethylene
glycol)-based macroinitiators
Figure 2.2: Typical Infra Red spectrum of starting material (MeOPEG, —) and 
initiator (MeOPEG-I, —).
2.2.2.2.Size exclusion chromatography (SEC).
T h e u se  o f  P M M A -ca lib ra ted  SE C  can n ot g iv e  th e ab so lu te  m o lecu la r  w e ig h t o f  the 
P E G -b ased  m acroin itia tor (S e e  A p p en d ix  2 ). H o w ev er , the narrow  p o ly d isp ers ity  
o b ta in ed  d id  p rov id e  a g o o d  in d ication  that the e x c e s s  o f  ac id  u sed  during the  
ester ifica tio n  did  not react on  the eth er b on d s o f  the p o ly e t h y le n e  g ly c o l)  ch ain s. 
M oreover, the product M W D  w a s sh ifted  to  a s lig h tly  h igh er  v a lu e  than th e starting  
m ateria l, d u e to  th e in corporation  o f  a re la tiv e ly  large end  grou p  (1 4 9 .9  m o l/g )  (T ab le
2 . 1).
X Mwt of MeOPEGx PDI Mwt of MeOPEG-Ix (initiated) PDI
12 5 6 0 1.08 7 1 0 1.06
4 5 2 ,0 0 0 1.02 2 ,2 0 0 1.05
113 5 ,0 0 0 1.02 5 ,2 0 0 1.11
Table 2.1: SEC analysis of the starting materials and final products.
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2.2.2.3. 1H NMR spectroscopy.
B y  record in g  the spectra o f  the starting m aterial and final product, it is  p o ss ib le  to  
quantify  the e ff ic ie n c y  o f  the reaction . F igure 2 .3  sh o w s an ex a m p le  o f  M eO P E G 45 
b efore and after ester ifica tion , u sin g  D M S O -d 6 as so lven t. T he O H  sign a l o f  the 
starting m aterial at 4 .6 0  p p m 179-180 disappears w h ile  a n ew  sign a l at 4 .2 4  ppm  and 1.87  
ppm  (n e w  substituted  end  group on  M eO P E G , peaks 4  and 5, re sp ectiv e ly ) is 
ob served . T h e  quantitativ ity  o f  the reaction  is d eterm in ed  b y  in tegration  o f  the peak s  
o f  interest ( s e e  exp erim en ta l in form ation).
spectrum) and after (upper spectrum) esterification.
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2.3. Copper-mediated radical polymerisation of PMMA using PEG- 
based macroinitiators.
Living radical polymerisation of MMA was initiated by MeOPEG initiators (Figure 
2.4). Copper (I) was used as catalyst, complexed by the JV-(«-propyl)-2- 
pyridylmethanimine ligand in a ratio 1 to 2 or 1 to 3, in order to ensure the solubility 
of the catalyst, and the stabilisation of the copper(I) /  copper(II) equilibrium in 
toluene.
c h 3o —f - ( C H 2)2o —]^ -c h 2— c h 2— o — U-
O)
o CH. H CH,
- B r  +  m
CH,
C H ,
Cu(I)Br
Toluene
C H 30 (CH2)20 -JpCHj—  C H 2— 0-
( 2 )
o ? h3
i L
CH,
I-ch=-H
C O O C H j COOCHj
C H ,-H — BrJm
CH, CH ,
Figure 2.4: Copper mediated living radical polymerisation of MMA using 
MeOPEGx as initiator (X = 12,45,113) in toluene.
2.3.1. Polymerisation reaction.
Polymerisation was first undertaken for each initiator at 90°C. The reaction was 
followed for monomer conversion by ’H NMR and the evolution o f the MWD was 
measured by SEC samples. The monomer conversion was measured by integration of 
the vinyl resonance (5-6 ppm) relative to the CH3 of the polymer backbone (1 -1 .5
51
Chapter 2 Amphiphilic block copolymers
synthesised by LRP with polyethylene
glycol)-based macroinitiators
ppm ). S am p les for SE C  w ere filtered  through b asic  a lum ina and su b seq u en tly  
d isso lv e d  in TH F.
Figure 2.5: First order plot for the polymerisation of MMA with MeOPEG-I,2 
(■) ,  MeOPEG-Lts ( • )  and MeOPEG-II13 (□ ) at 90°C.
A  first attem pt w a s m ad e u sin g  a ratio o f  m on om er /  so lv en t = 1 / 1 .  F igure 2 .5  sh o w s  
the first order k in etic  p lo t for th is reaction . A  clear d ev ia tion  a w a y  from  linearity  w as  
ob served , w ith  the reaction s lo w in g  d ow n  w ith  tim e. T h is is in d ica tiv e  o f  term ination  
w h ich  resu lt in a reduction  o f  the con centration  o f  a c tiv e  sp e c ie s , i.e . a reduction  o f  
kp[P n*]. A fter  90%  co n v ersio n , the rate o f  p o lym erisa tion  had d ecreased  to a very  lo w
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v a lu e , th e  sy ste m  b eca m e  g la ssy  and m o n o m er  co u ld  n o  lo n g er  b e  su p p lied  to  the  
p rop agatin g  ch a in  en d s.
T h e rate o f  p o ly m erisa tio n  for each  m acroin itia tor is faster than L R P o f  M M A  
in itia ted  b y  2E IB r w h ich  g iv e s  ap p rox im ate ly  90%  c o n v ersio n  after 5 hours at 
9 0 ° C .181
T h e  S E C  a n a ly s is  in d icated  p oor contro l o v e r  th e p o ly m erisa tio n . In the c a se  o f  
M eO P E G -Ii2 the m a ss d istribution  w a s  b im od al at 90%  co n v e r sio n , sh o w in g  so m e  
n on -reacted  in itia tor (figu re  2 .6 )  w ith  lo w  m o lecu la r  w e ig h t. T h e m olecu lar  w e ig h t o f  
th e fina l product d ev ia ted  from  the theoretica l v a lu e , the p o ly d isp ers ity  stay in g  
su rp r isin g ly  lo w  (M n =  3 3 ,6 0 0 , PD I =  1 .23). T h is  e ffe c t  w a s  ev e n  m ore pron ou n ced  
w ith  the h ig h  m o lecu la r  w e ig h t in itiator, M e O P E G -In 3 , M n =  1 8 ,4 0 0 , PD I =  1.25.
Figure 2.6: Evolution of the MWD from the polymerisation of MMA with
MeOPEG-Ii2 as a function of conversion.
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The absence of trace for the macroinitiator on the SEC analysis after 95% conversion 
indicates that initiation takes place over the course of the reaction, slower than the rate 
of propagation.
In order to improve to overall control of the polymerisation, the rate of reaction was 
decreased by diluting the solution, i.e. decreasing the ratio monomer to solvent 
(respectively 1 to 2).
Furthermore, in order to optimise the reaction conditions, the kinetics were followed 
in-situ by *H NMR. Polymerisations were carried out in toluene-dg, in NMR tubes 
fitted with Young’s tap, so as to maintain an inert atmosphere. This resulted in a plot 
of ln([M]o/[M]) as function of time with many more data points than from a sampled 
reaction described above. It also avoided the potential introduction of 
impurities/oxygen during sampling, and finally gave more information on the 
different steps of initiation and propagation.
2.3.2. Kinetics of the polymerisation of MM A on MeOPRG-In. MeOPF.fl-Lc 
and MeOPEG-Ii n by online *H NMR spectroscopy.
Monomer conversions were monitored using ]H NMR spectroscopy; the vinyl signals 
from the monomers appear at 5.3 and 6.0 ppm and decrease in intensity as they are 
consumed in the production of polymer. As the polymerisation proceeds, signals of 
the methacrylate backbone increase between 0.9-1.4 ppm (see Figure 2.7).
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Figure 2.7: Selection of 'H NMR spectra recorded during the polymerisation of 
MMA on MeOPEG-Ix (X=12, 45,113).
A  com p a riso n  o f  the resp ectiv e  m on om er and p o ly m er  s ig n a ls  a llo w s  the m on om er  
co n v e r s io n  to b e  accu rately  determ ined . A  first order p lo t w a s  con stru cted  for the  
p o ly m erisa tio n  o f  M M A  at 9 0 °C  w ith  each  m acroin itiator (s e e  F igure 2 .8 ).
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Figure 2.8: Kinetic plot of the polymerisation of MMA on MeOPEG-Ii2 (■),  
MeOPEG-Ljs ( • )  and MeOPEG-In3 (O) at 90°C, followed by fH 
NMR spectroscopy.
A  n on -lin ear  p lot w a s ob served  for the h igh est m o lecu la r  w e ig h t initiator, w ith  a 
p o ly m erisa tio n  stop p in g  after 96%  con v ersio n . T h is in d icates a h igh er  contribution  o f  
term ination  reactions. T he tw o  sm allest m acroin itiators b eh aved  sim ilar  to  each  other, 
as in b oth  ca ses  the in itial rate d ecreased  to a stead ier rate. T h is can  be ex p la in ed  b y  
the h igh  con cen tration  o f  ac tiv e  sp ec ie s  at the start o f  the reaction  due to  th e p resen ce  
o f  C u(I) o n ly , w h ile  the eq u ilib riu m  C u(I) /  C u(II) is  e sta b lish ed  as C u(II) is
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produced. It is noteworthy that this equilibrium takes longer to be reached in the case 
of the highest molecular weight initiator than for the smaller chains.
The first order rate obtained once the equilibrium is established indicates that (i) the 
polymerisation is first order with respect to monomer and (ii) the concentration of 
active centres remains constant during the polymerisation. From Figure 2.8, it is clear 
that the rate of polymerisation increases with the size of the macroinitiator. This 
observation is in contradiction with that made when using a volume ratio monomer / 
solvent = 1 (see above). Furthermore, the different overall rates of polymerisation 
observed were higher than the one of a typical LRP of alkyl methacrylate with 2EIBr 
and similar conditions.181
In order to study the evolution of the Cu(I) / Cu(II) equilibrium, polymerisation of 
MMA using MeOPEG-Ltf was carried out at lower temperature (see Figure 2.9). As 
can be seen, the first order plot is linear up to high conversions at 70°C (95% in 8 
hours), with a rate close to that at higher temperature. At even lower temperatures 
(50°C), 80% conversion was achieved in 15 hours. In conclusion, 70°C is the best 
temperature in order to polymerise MMA using MeOPEG-Ls to obtain the best 
overall control of the molecular mass.
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Figure 2.9: Kinetic plot of the polymerisation of MMA on MeOPEG-Lis at 
90°C(A), 70°C ( 1 )  and 50°C(O), followed by *H NMR spectroscopy.
A s the p o lym erisa tion  u sin g  M e O P E G -I in  g a v e  poor m ass contro l at e leva ted  
tem peratures, the p o lym erisa tion  w as carried out at 7 0 °C  and 5 0 °C  (F igure 2 .1 0 ). T he  
reaction  at 7 0°C  fo llo w e d  c lo s e ly  the b eh av iou r o f  the h igh er  tem perature. A t 50 °C , 
the reaction  occurred  ov er  a lon ger tim e period (80%  co n v ersio n  in 13 hours), but led  
to  a k in etic  p lot m ore ex p ec ted  for liv in g  p o lym erisa tion .
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Figure 2.10: Kinetic plot of the polymerisation of MMA on MeOPEG-Iu3 at 
90°C(A), 70°C (■ )  and 50°C(O), followed by 'H NMR spectroscopy.
2 .3 .3 . M olecu lar  w eig h t evo lu tion .
F igure 2 .11  sh o w s typ ica l p lots o f  the ev o lu tio n  o f  both  m o lecu la r  w e ig h t and  
p o ly d isp ersity , estim ated  b y  P M M A  calibrated  SE C , as a fu n ction  o f  co n v ersio n  for  
the p o ly m erisa tio n  at 9 0 °C  u sin g  M eO P E G -Ii2 .
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Figure 2.11: Evolution of MnGPC (■ )  and PDI (O) of the polymerisation of 
PMMA on MeOPEG-Ii2 as a function of conversion. The straight 
line represents the theoretical Mn.
In an ideal liv in g  sy stem , M n e v o lu e s  lin early  fo llo w in g  th e theoretica l m olecu lar  
w eig h t. T h e m easured  M n (P M M A -ca lib rated  S E C ), g iv e s  a d ifferen t resu lt from  the  
actual M n o f  the cop o lym er. A s the p o ly e th y le n e  g ly c o l)  ch a in s are m ore f le x ib le  
than the P M M A  o n es, the hydrodynam ic v o lu m e  o f  the c o -p o ly m e r  w ill be d ifferent  
than a P M M A  h o m op o lym er (S e e  A p p en d ix  2 ). T he graph sh o w s  therefore an 
in crease o f  the m o lecu la r  w e ig h t during reaction , the p o ly d isp ers ity  rem ain in g  under
1.3, to  g iv e  a fina l product w ith  narrow  PD I (1 .2 5 ).
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T he M W D  ev o lu tio n  is fo llo w e d  b y  p lo ttin g  the SE C  traces o f  each  sam p le  to 96%  
co n v ersio n , figure 2 .1 2 . C lo se  ob servation  sh o w s the traces o f  n on -reacted  in itiator at 
lo w  m o lecu la r  w e ig h ts  up to a co n version  o f  50% . H o w ev er , as seen  ab o v e , th is d oes  
not a ffec t th e overa ll reaction  and final product in term s o f  M n and PD I.
Figure 2.12: Evolution of the SEC trace of the polymerisation of MMA on 
MeOPEG-In with the conversion.
In c o n c lu s io n , M eO P E G -Ii2 appears to  b e  a g o o d  in itiator for  cop p er-m ed ia ted  LR P o f  
M M A  at 90 °C . T he fina l P M M A  b lo ck  m olecu lar  w e ig h t, ob ta in ed  b y  in tegration  o f  
the 'H  N M R  w a s ca lcu la ted  to b e  10 ,2 0 0  g /m o l (targetted M n =  1 0 ,0 0 0 ) for 7 1 0  g /m o l
SEC
in  M eO P E G . T he p o lyd isp ersity  w as found to be 1.19 (M n ' copo|ynier =  9 ,9 0 0 ).
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W h en  u s in g  M eO PEG -Lts as a m acroin itiator at lo w  tem perature, the SE C  an a lysis  
sh o w s a stead y  ev o lu tio n  o f  the m olecu lar  w e ig h t w ith  co n v ersio n  at lo w  tem perature 
(S e e  F igure 2 .1 3 ). A t 9 0 °C , a rem arkable increase in the trend w as ob served  after 
60%  co n v ersio n .
Figure 2.13: Evolution of the molecular weight as function of conversion for the 
polymerisation of MMA on MeOPEG-I„3 90°C(A), 70°C (■ )  and 
50°C(O).
T he reason  for th is can  b e  seen  in the M W D  traces app earin g  b im od al up to a 
co n v ersio n  at ap p rox im ate ly  60% , then b eca m e m o n o m o d a l. A t lo w  co n v ersio n s , the
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M n is lo w ered  b y  the p resen ce  o f  lo w  m olecu lar  w e ig h t sp e c ie s , w h ile  at high  
co n v ersio n s , the broad en in g  o f  the M W D  is d ecreased , g iv in g  M n c lo ser  to that 
predicted . Indeed  the PD I w a s h igh  up to  60%  con v ersio n , b efore  d ecreasin g  at h igher  
co n v ersio n s  (se e  F igure 2 .1 4 ).
In the c a se  o f  the tw o  lo w er  tem perature reactions, the m acroin itia tor trace co u ld  still 
be ob served  up to 60%  con version , but the reactions b e in g  s lo w er , th is d id  not seem  to 
in flu en ce  the k in etics, or M W D .
Figure 2.14: Evolution of the PDI as function of conversion for the 
polymerisation of MMA on MeOPEG-In3 9 0 ° C  (A), 7 0 °C  ( ■ )  and 
5 0 °C (O ).
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Table 2.2 gives a summary of the final products properties from these reactions. It is 
noted that the theoretical Mn and the Mtt calculated by 'H NMR spectroscopy are the 
molecular weight of the PMMA block only. However, the SEC analysis gives the M„ 
and PDI of the whole block copolymer. One will notice the difference between the 
SEC molecular weights and PDI of the final product and o f the last reaction sample. 
This can be explained by the loss of small molecular weight species during the 
purification process, leading to a higher average molecular weight and lower 
polydispersity.
T/°C t/min Con v./% i *  PMMA a ■iVln, th iV, PMMA— 6“  iy*n, exp copolymer c exp PDIC
90 183 99 9,900 16,900 13,700 1.14
70 216 89 8,900 9,000 13,900 1.11
50 808 83 8,300 8,700 15,100 1.12
8 Mn, * = ([M] o / [I]o x Mwt of monomer x Conv.)/100 
b Determined by the 'H NMR peak intensity ratio. 
c Estimated by PMMA-calibrated SEC
Table 2.2: Final conversion and MWD data for the polymerisation of MMA on 
MeOPEG-I4S at various temperatures.
The polymerisation of MMA using MeOPEG-145 as initiator at 70°C and 50°C gave 
an apparent well-defined copolymer, of low PDI.
In the case of MeOPEG-Im, the molecular weight showed a dramatic increase toward 
high conversion for the two highest temperatures (see Figure 2.15). As seen
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p rev io u sly , th is cou ld  be ju stified  b y  the p resen ce  o f  non -reacted  m acroin itiator up to 
90%  and fast g row in g  ch ain s, g iv in g  a broad M W D , w ith  lo w er in g  o f  the M n. 
H o w ev er , at low er  tem perature (5 0 °C ) and s lo w  reaction , the non -reacted  initiators do  
not in flu en ce  to the sam e exten t M n.
Figure 2.15: Evolution of the molecular weight as function of conversion for the 
polymerisation of MMA on MeOPEG-In3 90°C(A), 70°C (■ )  and 
50°C(O).
T h e PD I o f  the reaction s at 7 0°C  and 9 0°C  increased  s lo w ly  throughout the cou rse  o f  
p o ly m erisa tio n , w h ile  it stayed  a lm ost constant at 5 0°C . T h e p o ly d isp ers ity  o f  a lm ost 
all the variou s p o lym ers stayed  under 1.3 during reaction  (F igu re  2 .1 6 ) .
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Figure 2.16: Evolution of the PDI as function of conversion for the 
polymerisation of MMA on MeOPEG-In3 90°C(A), 70°C (■ )  and 
50°C(O).
T ab le  2 .3  su m m arises the properties o f  the fina l products. T h e tw o  exp erim en ts at 
9 0 °C  and 7 0 °C  g a v e  products w ith  m o lecu lar  w e ig h ts  d ifferen t than e x p ec ted  w h ile  
the exp erim en t at 5 0 °C  led  to a b lo ck  co p o ly m er  c lo se  to the ex p e c te d  va lu e. T he  
p o ly d isp ers ity  and m o lecu la r  w e ig h t o f  the p urified  product a n a ly sed  b y  SE C  w as  
lo w er  than the fina l reaction sam ple.
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T/°C t/m in Con v./% r -  PMMA a M b, th PMMA IT-  iv ln, exp * *  copolymer c m n, exp PDIC
90 183 95 9,500 12,300 15,200 1.22
70 216 95 9,500 13,300 15,300 1.13
50 808 96 9,600 10,200 17,100 1.18
* Mn, th = ([M] o / [I]o x Mwt of monomer x Conv.)/100 
b Determined by the 'H NMR peak intensity ratio. 
c Estimated by PMMA-calibrated SEC
Table 2.3: Final conversion and MWD data for the polymerisation of MMA on 
MeOPEG-In3 at various temperatures
We have found good conditions for copper-mediated LRP using different molecular 
weight PEG-based macroinitiators, according to the first order and final products 
properties (Mn being close to the theory with low PDI). The SEC traces recorded at 
different conversion, and for various temperature polymerisations showed however 
bimodal peaks up to high conversion (see for example Figure 2.17). The high 
molecular weight peak is assigned to the growing polymer while the smaller 
molecular weight one was the non-reacted macro-initiator trace. This was evidence 
that part of MeOPEG-I in solution did not react with the monomers, or reacted later in 
the reaction. As the SEC analysis can not quantify the amount of non-reacted 
macroinitiator, in order to understand how apparent control over the polymerisations 
could be obtained despite the slow initiation, online *H NMR experiment data were 
considered.
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Figure 2.17: Evolution of the MVVD for the polymerisation of MMA on 
MeOPEG-IiB during the reaction.
2 .3 .4 . In itiatior e ff ic ie n c y ,
PE G  b ased  m acro in itia tors h ave  b een  p r e v io u s ly  reported to  e x h ib it  lo w  in itiation  
e f f ic ie n c y  for  the bulk  p o ly m erisa tio n  o f  M M A , but are reported  to  b e  e ff ic ie n t for the  
bulk  p o ly m erisa tio n  o f  ter-butyl a c r y la te .177
T h e actual in itia tion  e f f ic ie n c y  can  be fo llo w e d  b y  'H  N M R . O n ad d ition  o f  
m o n o m ers , group  (1 )  from  the in itiator w a s  transform ed  in (2 )  at the ju n c tio n  p o in ts  o f  
the tw o  b lo ck s  in the b lo ck  c o p o ly m e r  (F igu re  2 .1 8 ) . In 'H  N M R , th is is o b serv ed  b y
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the sh ift o f  the triplet signal tow ard h igh  sh ie ld  (as the b rom in e atom  is rep laced  b y  a 
carbon atom ), and a broadening o f  the peak s due to the incorporation  to  a p o lym er  
c h a in 177. D esp ite  the lo w  concentration  o f  initiator, the s ig n a ls  o f  both  grou p s are w ell 
reso lv ed  and can be ob served  at 5 0 0 M H z, figure 2 .2 0 . T he sign a l from  group (1 )  
disappears s lo w ly  w h ilst  the sign a l from  group (2 ), broader, in creases.
Figure 2.18: *H NMR spectra of the region of group 1 and 2 during the 
polymerisation of MMA with PEG-based macroinitiator followed by 
*H NMR spectroscopy.
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This allows the measurement of the loss the initiator. As Figure 2.19 shows, the 
activation step can be summarised in the equilibrium between Cu(I) and Cu(II).
R -B r + C u(l)B r
U  _ l  k,
Complex
'act
dead
R *
Figure 2.19: A proposed mechanism for living radical polymerisation.
In order to measure the kinetic constant of activation (ka), the deactivation step needs 
to be negligible by comparison to the activation. This is accomplished by moving the 
equilibrium shown on Figure 2.19 to the right. The literature offers different methods, 
either by trapping the reacted species in order to minimise the deactivation reaction 182 
or by adding a radical initiator to the reaction as an accelerator and by increasing the 
concentration in monomers I83. In the present case, the equilibrium is the one of a 
classic LRP reaction, with a great number of activation-deactivation cycles. 
Therefore, even if the ka could not be determined, the ability of the macroinitiator to 
loose its bromide could still be estimated. This was good indication of the efficiency 
of a macroinitiator. In the case o f activation faster than propagation, all the chains 
would grow in parallel. If competition between activation and the propagation, some 
initiators would stay ‘non-initiated’ while other chains would be growing, leading to a 
bimodal molecular weight distribution.
In order to study the influence of the macroinitiators molecular weight, a graph of the 
conversion of non-reacted initiator into reacted initiator versus conversion of
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m on om er w a s p lotted . T h is w ill be referred as ‘in itiator e f f ic ie n c y ’ in the rem ains o f  
the study. In an ideal liv in g  p o lym erisa tion , the in itiator e ff ic ie n c y  sh ou ld  be 100%  as 
so o n  as the p o lym erisa tion  starts. In the ca se  o f  P E G -b ased  m acroin itiator, the 
in itiator e ff ic ie n c y  appeared to be very  low .
C onvers ion  of M o n o m e r
Figure 2.20: Evolution of the conversion of initiator in reacted initiator as a 
function of the conversion of monomer for the polymerisation of 
MMA with MeOPEG-Iio (O), MeOPEG-I45 (■ )  and on MeOPEG- 
I12 (A) at 90°C in toluene-</8-
Figure 2 .2 0  sh o w s  the ev o lu tio n  o f  the in itia tion  for each  in itia tor at 9 0 °C . T he  
e ff ic ie n c ie s  o f  the tw o  h igh est m olecu lar  w e ig h t in itiators w ere sim ilar, w h ilst
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M eO P E G -In  w a s s lig h tly  better throughout the reaction . A ll o f  the initiators had  
reacted  after a con v ersio n  o f  60%  for M eO P E G -Ii2 , w h ile  M e O P E G -I in  and  
M eO PE G -L »5 n eed ed  80%  con version . In the ca se  o f  M eO P E G -I^ , an a lm ost  
in stantaneous in itia tion  w as obtained  up to 40%  o f  the in itiator, and then the p rocess  
w a s s lo w e d  d ow n .
D esp ite  th is s lo w  in itiation , M eO P E G -Ii2 w as e ff ic ie n t en o u g h  to perform  liv in g  
p o lym erisa tion  o f  M M  A , w ith  e x c e lle n t k in etics  and final product properties.
Figure 2.21: Evolution of the conversion of initiator as a function of the 
conversion of monomer for the polymerisation of MMA on 
MeOPEG-Iin at 90°C(A), 70°C (■ )  and 50°C(O).
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MeOPEG-Iu3, was the least efficient initiator, with 100% of initiator activated at 80% 
conversion at best (see Figure 2.21). Furthermore, experiments at 90°C and 50°C 
showed similar initiator efficiency, while it decreased at 70°C. At 90°C, the activation 
and propagation steps were very fast (as indicated by the kinetic plot, figure 2.10), but 
propagation was faster than initiation. Some initiators start chains, whilst the remains 
are not reacted. At 70°C, activation is more slown down than propagation. This results 
in chains propagating too fast, leading to a high conversion in monomer whilst some 
initiators have still not reacted. Full initiation is observed after 80% conversion. When 
the temperature is lowered to 50°C, propagation is more affected, leading to activation 
and propagation step similar to those observed at 90°C. The overall kinetics are 
slowed down, but the initiator efficiency is similar to that at 90°C.
As the initiators efficiency was shown to be fairly poor, independent of temperature, a 
different solvent was thought to change their characteristics. In order to solubilise the 
polyethylene glycol) chains, an ethylene glycol-like solvent was employed, which 
might also enhance the potential macroinitiator-effect on polymerisation. Ethylene 
glycol can not be used, due to the possibility of transfer from the hydroxyl group. As 
the boiling point of ethylene glycol dimethyl ether was too low, ethylene glycol 
diethyl ether ((EtO^EG) was chosen. The reaction was carried out in similar 
conditions as described above, at 50°C. In order to follow the polymerisation by 'H 
NMR spectroscopy, a small amount of toluene-cfe was added in the solution (10% of 
the solvent), figure 2.22.
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0 200 400 600 800
Figure 2.22: Kinetic plot for the polymerisation of MMA using MeOPEGn3 as 
initiator at 50°C in 90% (EtO)2EG / 10% toluene-</8, followed by !H 
NMR spectroscopy.
The first order plot deviates significantly from linearity. An increase in kp[Pn*] is 
observed over the first three hours o f reaction. This can be explained either by an 
increase in the concentration of the active species or by an increase in kp, or both. At 
high conversion (94%), the reaction slows down, accounted to the glassy effect of the 
solution. Furthermore, the reaction is faster than when using toluene as solvent; 70% 
conversion was reached in 5 hours instead of 12 hours in toluene.
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Figure 2.23: Evolution of the conversion of initiator in reacted initiator as 
function of the conversion of monomer for the polymerisation of 
MMA on MeOPEG-Ina at 50°C in toluene-</8 (O) and in 90% 
(EtO)îEG / 10% toluene-</8 ( ■ )
The initiator efficiency (Figure 2.23) is similar to that at 50°C in toluene. This leads 
us to conclude that (i) the solvent has little effect on the initiator efficiency and (ii) the 
concentration of the active species increases during the reaction. When comparing to 
the same polymerisation in toluene, this could imply that kp undertakes also some 
changes.
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In conclusion, it has been demonstrated that PEG-based macroinitiators are relatively 
slow initiators for copper mediated living radical polymerisation. Temperature or 
solvent have little effects, but the chain length of the macroinitiator influences the 
initiator efficiency, shorter chain molecules being faster initiators than longer chain 
macromolecules.
2.3.5. SEC analysis of the final products.
As polyethylene glycol) based initiators are relatively slow initiators for living 
polymerisation, it was surprising to observe linear plots with narrow polydispersity 
final products.
As the SEC gave the molecular weight of the overall product, copolymer of PMMA 
and MeOPEG-I, one could wonder the influence of the low PDI of the macroinitiator 
(see table 2.1) on the polydispersity of the block copolymer.
As described in appendix 3, considering a classic free radical polymerisation of 
MMA, the MWD expected would follow a Schulz-Flory distribution, and give a 
polydispersity of 1.99. Considering the use of a macroinitiator of narrow 
polydispersity and high molecular weight, and assuming that the block copolymer will 
be analysed as the summation of the molecular weights of macroinitiator and PMMA 
block, we can estimate the effect of the two extreme molecular weight 
macroinitiators. Both number and weight average molecular weights will be increased 
by the SEC molecular weight of the macro-initiator (respectively 1,000 g/mol and
9,000 g/mol for MeOPEG-IJ2 and MeOPEG-I] ]3). This difference will dramatically 
affect the PDI analysis of the SEC, giving a value as low as 1.52 (table 2.4) for the 
higher molecular weight initiator. This is evidence that SEC analyses need to be
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handed with care. However, in the case of a shorter initiator chain, the influence 
less important.
M„ Mw PDI
Classic Initiator (2EIBr) 10,012 19,922 1.99
MeOPEG-In 11,012 20,922 1.90
MeOPEG-Im 19,012 28,922 1.52
Table 2.4: Summary of the different average molecular weights and 
polydispersity.
2.3.6. Gradient polymer elution chromatography (GPEC1 analysis of the final 
products.
In order to demonstrate the broad polydispersity of the product, structural analysis in 
regard to the final polymer molecule were undertaken. This was also an opportunity to 
prove that the product was a copolymer, and not a blend of PMMA and MeOPEG. A 
methodology that has proved effective in analysing the chemical composition of 
polymers, is Gradient Polymer Elution Chromatography (GPEC).184-185 While 
analysing polymers by separating them by size with SEC methods is common in 
polymer synthesis, the separation of polymers on the basis of chemical composition is 
a technique that is more rarely employed. The GPEC system works on the basis of the 
differing solubilities of the different monomers comprising the co-polymers or 
mixture of polymers. The polymer is dissolved in a good solvent and injected into the 
GPEC system where the eluent is initially a non-solvent for the polymer. This causes 
the polymer to precipitate at the column head. The ratio of solvent to non-solvent is
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gradually increased at a constant rate until the eluent is purely comprised of the good 
solvent. At some stage during the elution the polymer is re-dissolved at a solvent 
mixture determined by the chemical composition and also the molecular weight of the 
polymer. The solvents for GPEC must be chosen carefully to allow good separation of 
the polymers while ensuring that the solvents remain miscible to allow good mixing. 
The solvent system employed in this work was a water / THF gradient. It was 
reasoned that any free unreacted macroinitiator would elute in pure water, any PMMA 
homopolymer in pure THF and a block copolymer at some intermediate time.
Figure 2.24 shows the summary of the data when using MeOPEG-Iu3 initiator for 
MMA polymerisation. PMMA prepared by copper mediated LRP (M„ = 10,900 ; PDI 
= 1.15) was used as reference and eluted in pure THF. The macroinitiator eluted in a 
mixture of water/THF in four different signals. By comparing these signals to the 
trace o f MeOPEGiu (before esterification), figure 2.24, it did not seem that any 
starting material was still present in the macroinitiator sample. These signals were 
then attributed to four major MeOPEG chains, probably differing on their size.
78
Chapter 2 Amphiphilic block copolymers
synthesised by LRP with poly (ethylene
glycol)-based macroinitiators
----------------1----------------1----------------'----------------1----------------■----------------1----------------1----------------1----------------1----------------
20 21 22 23 24 25
tim e /  min
Figure 2.24: GPEC signal from MeOPEGn.i (black) and MeOPEG-Iin (red).
T h e p o ly m erisa tio n  product w a s  then in jected , w h ich  e lu ted  b etw een  P M M A  and  
M e O P E G -In 3. T w o  p eak s w ere  still o b serv ed  at th e M eO P E G  e lu tio n  tim e, certa in ly  
d u e  to  ‘d e a d ’ ch a in s that co u ld  not undertake p o ly m erisa tio n . T h e product sign a l is a 
m u ltip le t, e lu tin g  at a tim e  c lo s e  to  the P M M A . T h is w a s  e v id e n c e  that ( i)  th e product 
w a s in d eed  a b lo c k  c o p o ly m er , as it e lu ted  b e tw een  the tw o  re feren ce  p eak s, and that 
( ii)  it w a s  a c tu a lly  a m ix  o f  d ifferen t s iz e s  b lo c k  co p o ly m ers .
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Figure 2.25: GPEC traces for MeOPEG-Ina (red), PMMA standard (black) and 
the copolymer (blue).
Figure 2.26: Expansion of the GPEC trace of the block copolymer McOPEGm- 
6-PMMA.
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This distribution of macromolecule sizes in the final product comes from the different 
sizes of both MeOPEG-Iiu and PMMA blocks. The later initiated MeOPEG 
molecules would grow shorter chain than the earlier one. This would result in a final 
product of broad polydispersity, as demonstrate previously and would give different 
elution signal in GPEC analysis, coming from the different chains length.
2.4. Conclusion.
Online ‘H NMR spectroscopy has been extremely valuable in studying the 
polymerisation of MMA on MeOPEG-based macroinitiators. While the kinetic plot 
observed seem to be the one of a typical living polymerisation, SEC analysis showed 
the presence of non-reacted initiator during the reaction. Analysis of the *H NMR 
spectra recorded during the reaction, has been quantified to determine optimum 
conditions for living polymerisation. Furthermore studies by GPEC confirmed that 
MeOPEG was a relatively slow initiator for copper mediated living radical 
polymerisation of MMA, leading to relatively high polydispersity block copolymers. 
The poor efficiency of the macroinitiator, the effect o f the macroinitiator chain length 
on the catalyst equilibrium and the faster kinetics by comparison to a more classic 
initiators copper-mediated LRP could question the effect o f the macroinitiator on the 
catalyst complex. As polyethylene glycol) chains are very flexible, the active site 
could be trapped by the macroinitiator structure, away from the catalyst or the 
monomer. This effect would be even more important for longer chain initiators. When 
the catalyst reaches the active site, it finds itself trapped in the polymer chain. One can 
even imagine the co-ordination of the copper to the macroinitiator chain. This would
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explain the difficulty of the monomer to react with the initiator, due to the steric 
hindrance. We observed indeed the impact of initiator chain length, but noticed the 
absence o f effect of temperature and solvent.
If such co-ordination occurred, the equilibrium between Cu(I) and Cu(II) would be 
disturbed, leading to original kinetics, as previously observed (change of rate during 
the polymerisation and higher rate than usually observed, both depending on the chain 
length of the macroinitiator).
The aim of this chapter was to describe the synthesis of PEG-b-PMMA copolymers. 
Thus, this potential co-ordination effect, as well as the original kinetics of the 
reactions will be discussed in chapter 4.
The final block copolymer showed however a hydrophilic group of well known size, 
and a more or less well-defined hydrophobic block. A range of different products with 
different chain lengths o f PMMA was then synthesised and purified in order to test 
their amphiphilic properties (see chapter 5).
2.5. Supplementary information.
Experiment MeOPEGx M /mma' Muun: (PDI) b
sp34 12 1,870 3,700(1.17)
sp31 12 3,400 8,160(1.07)
sp40 12 3,600 6,470(1.10)
spl99 12 9,500 10,500(1.98)
sp28 12 11,100 11,400(1.08)
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sp44 45 4,850 9,150(1.10)
sp38 45 4,970 12,160(1.11)
sp43 45 5,970 9,050(1.10)
Sp204 45 11,000 14,050(1.08)
sp29 113 6,400 24,380(1.27)
sp45 113 9,400 20,800(1.21)
Sp200 113 11,050 19,080(1.20)
sp39 113 15,200 29,600(1.19)
a Determined by the ‘H NMR peak intensity ratio. 
b Estimated by PMMA-calibrated SEC
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As MeOPEG based macroinitiators show poor efficiency for the synthesis of block 
copolymers o f well-determined structure via copper mediated living radical 
polymerisation, a different approach was considered. Still aiming to introduce PEG 
based polymers in amphiphilic block copolymers, MeOPEG was considered as a 
potential methacrylate monomer (polyethylene glycol) methyl ether methacrylate, 
MeOPEG-MA) in living radical polymerisation. If successful, such polymerisation 
using hydrophobic initiators should lead to a final product showing amphiphilic 
properties.
3.1. Study of a new hydrophilic PEG-based macromonomer.
3.1.1. Introduction.
Water-soluble polymers are so widely used that novel methods for their synthesis are 
of considerable interest. In order to be water-soluble, a polymer needs to contain 
functionalities which hydrogen-bond in water. In the case of polyethylene glycol) or 
polyethylene oxide), this is accomplished by the presence of polar ethylene oxide 
repeat units. Polyethylene oxide) (PEO) containing polymers186-187 are used in many 
diverse applications, including surfactants, e.g. polystyrene-6-poly(ethylene oxide)188 
, poly(methyl methacrylate)-6-poly(ethylene oxide),189 and poly(soaps).190 
An interesting utilisation of poly(ethylene oxide)s is in so-called polymer brushes186, 
which are characterised by a high branch-density along a ‘backbone’, e.g. solid 
surfaces via covalent bonding or physisorption, or a polymer chain. The conventional 
route towards homogeneous polymer brushes is homopolymérisation of 
macromonomers, to give poly(macromonomers). Such poly(macromonomers) are of
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increasing interest and are commonly synthesised via free-radical polymerization.191 
This type of polymer brush is distinct from the more widely demonstrated graft- 
copolymers, which have a lower branch-density, obtained via copolymerisation of 
macromonomers commonly based on acrylic esters or styrene, with more 
conventional vinylic monomers.192 Formation of poly(macromonomers) is 
complicated by the intrinsic low concentration of polymerisable groups in the system 
and a possible reduction in the rate of monomer addition as a result of steric 
hindrance. Thus, low degrees of polymerisation (DP) are generally obtained. 
However, Tsukahara et al. 193 have reported high DP polymer brushes synthesised by 
radical polymerisation. Polymers incorporating oxyethylene units have been 
previously prepared using nitroxide-mediated living radical polymerisation194 and 
transition-metal mediated polymerisation to produce dendrimer-like polymers star 
block and amphiphilic copolymers.195 Homopolymérisation of vinylether-based PEO 
derived macro-initiators have also been used to prepare block copolymers.196-197 
This chapter describes the use of copper mediated living radical polymerisation to 
achieve low molecular weight homopolymers, using a (i) low molecular weight 
initiator to investigate the actual polymerisation, then (ii) various macro-initiators to 
synthesise different amphiphilic block copolymers.
3.1.2. Polymerisation of fPEGVMA in toluene
Living radical polymerisation of polyethylene glycol) methacrylate (PEG-MA) was 
carried out using copper(I)bromide /  A7-(«-propyl)-2-pyridylmethanimine and phenyl- 
2-bromoisobutyrate as initiator, in toluene solution over a range of temperatures. The 
final product appeared to be a cross-linked polymer gel, insoluble in all solvents
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making analysis impossible. A potential explanation for this result is the presence of 
low amount of di-functional macromonomer present as an impurity or possibly 
formed by trans-esterification, or chain transfer reactions to polymer or monomer 
during the polymerisation, leading to cross-linking.198 An alternative explanation is 
the possible complexation of the hydroxyl group from the polymer pendant chains 
with the copper (II) species199. This would create a network between the graft polymer 
and copper(II) present in solution (see Figure 3.1).
Figure 3.1: Proposed mechanism of the copper-mediated polymerisation of PEG-
MA.
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3.1.3. Polymerisation of polyethylene alveoli methvl ether methacrylate 
MeOPEG-MA in toluene.
As PEG-based macromonomers proved difficult to polymerise without protection of 
the terminal hydroxyl group, polymerisation of polyethylene glycol) methyl ether 
methacrylate (MeOPEG-MA) was carried out.
Figure 3.2: Copper mediated polymerisation of MeOPEG-MA.
Polymerisation of MeO(PEG)-MA was carried out with copper(I)bromide//V-(n- 
propyl)-2-pyridylmethanimine (n-Pr-L) using phenyl-2-bromoisobutyrate, (1), as 
initiator (Figure 3.2) in toluene solution over a range of temperatures. Compound (1) 
was chosen as initiator so as to enable the number average molar mass, M„, of the 
final polymer product to be determined from 'H-NMR. Integration of the oxyethylene 
proton resonances, 3.5 - 4.5 ppm, and the aromatic resonances, 6.9 - 7.5 ppm, were 
used for the calculation of Mn. Polymerisations were carried out at various 
temperatures using typical living radical polymerisation conditions, as used for alkyl 
methacrylates with these catalysts (Chapter 2), with initial molar ratios = 
[M]o/[I]o/[Cu(I)Br]o/[«-Pr-L]0 = 10/1/1/2 (Figure 3.3).
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Figure 3.3: Kinetic data for the polymerization of MeO(PEG)-MA, 
[Mlo/lIMCu(I)Br]o/[/»-Pr-L]o = 10/1/1/2 in toluene at 25°C (■ ), 
40°C (□ ), 60°C ( •  ) and 90°C (A), reaction sampled with time.
Observed rates of polymerisation were unusually high, with polymerisation at 90 °C 
resulting in a conversion greater than 70% within 1 h (as measured by *H NMR). 
Moreover, polymerisation proceeded to 81% conversion after 15 hours even at 25°C. 
It is apparent from figure 3.3 that at higher temperatures, 90 °C, the first order plots 
show significant curvature, prompting us to investigate these reactions in more detail.
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Figure 3.4: Evolution of molecular weight distribution for the LRP of 
MeO(PEG)-MA in toluene (50% v/v) at 25°C (■ ), 40°C (□), 60°C 
( • )  and 90°C (A) initiated by a-bromo-isobutyric acid phenyl ester 
and mediated by Cu(I)Br / W-(/i-octyl)-2-pyridylmethanimine.
E v o lu tio n  o f  M n w a s  fo llo w e d  b y  SE C  an a lysis , figu re 3 .4 .
W h ile  the p o ly d isp ersity  stayed  lo w  during the w h o le  reaction  at 9 0 °C , a d ecrease  o f  
v a lu e  w ith  the co n v ersio n  w as ob served  for the other tem peratures (F igu re 3 .5 ). T he  
final product sh o w ed , h o w ev er , a lo w  PD I in all c a se s  (<  1 .20).
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Figure 3.5: Evolution of polydispersity for the LRP of MeOPEG-MA in toluene 
(50% v/v) at 25°C(B), 40°C (□), 60°C ( • )  and 90°C (A) initiated by 
a-bromo-isobutyric acid phenyl ester and mediated by Cu(I)Br / N- 
(/i-octyl)-2-pyridylmethanimine.
T h e final p roperties o f  the products from  th ese  reaction s are su m m arised  in T ab le  3 .1; 
for fu ll data sets, se e  su p p lem en tary  inform ation .
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T/ °C t/ min Con v J % Mn> th * M 6exp PDIC
A 25 910 81 3900 4600 6000 1.16
B 40 430 91 4400 5200 7530 1.12
C 60 595 99 4800 5400 7500 1.12
D 90 175 95 4600 5100 7000 1.14
8 Mn, th = ([M] o / [I]0 x Mwt of monomer x Conv.)/l 00 
b Determined by the 'H NMR peak intensity ratio 
c Estimated by PMMA-calibrated SEC
Table 3.1: Final conversion and MMD data for the polymerisation of MeOPEG- 
MA at various temperatures
The Mn from NMR was in excellent agreement with the theoretical Mn and the 
polydispersity remained below 1.20 in all cases. Moreover, experiments were carried 
out where the [monomer]/[initiator] ratio was varied at 60°C (Table 3.2, E-G). 
Overall these results show that the experimental values of the number average molar 
mass, Mn.exp» are in reasonable agreement with theoretical values, Mn,th, as would be 
expected for living polymerisation, and low polydispersity, < 1.2, was achieved in 
each case. Lowering the amount of catalyst with respect to the initiator (E, H and I, 
Table 3.2) reduced the rate of polymerisation. However, even at reduced levels of 
catalyst, efficient polymerisations ensued and narrow polydispersity polymers with 
Mn close to the theory were obtained.
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[M]0 / [I]o / [Cu(I)] 0 t/min Conv./% M„, th * M biU n, exp PDI£
E 10/1/1 360 93 4500 4200 1.11
F 10/0.5/1 360 89 8600 9600 1.10
G 10/0.25/1 360 80 15 600 16 000 1.09
H 10/1/0.5 360 68 3400 4000 1.11
I 10/1/0.25 360 44 2200 2400 1.13
a Mn> th = ([M] o / [I]o x Mwt of monomer x Conv.)/100 
b Determined by the 'H NMR peak intensity ratio 
c Estimated by PMMA-calibrated SEC.
Table 3.2: Final conversion and MMD data for the polymerisation of MeOPEG- 
MA at 60 °C for different targeted degrees of polymerisation
3.1.4. Monitoring polymerisation using on-line ]H NMR spectroscopy.
In order to investigate the polymerisation of MeOPEG-MA in more detail, reactions 
were followed in-situ by 'H NMR, as described in chapter 2. Polymerisations were 
carried out at over a range of temperatures, 25, 40, 60 and 90°C in NMR tubes fitted 
with Young’s taps, so as to maintain an inert atmosphere. In order to ensure a 
homogeneous polymerisation with both soluble copper(I) and copper(II) species N-(n- 
octyl)-2-pyridylmethanimine (n-Oct-L) was used as a ligand with a ratio of [«-Oct- 
L]o/[CuBr]o = 3. Monomer conversion was measured by *H NMR, by integration of 
the vinyl resonances (6-5 ppm) relative to the combined values of the CH2 a  to 
O C=0  from the monomer and polymer (4.1 ppm).
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Figure 3.6: Partial 'H NMR spectra at different stages of monomer conversion 
for the polymerization of MeOPEG-MA at 40°C.
Figure 3 .6  sh o w s a se le c tio n  o f  the spectra obtained  from  the reaction  carried out at 
4 0 °C . A n a ly s is  o f  the data resu lts in ln([M]o/[M]) vs. tim e p lo ts (F igure 3 .7 ), w h ich  
sh o w  that the con cen tration  o f  ac tive  sp ec ie s  rem ains re la tiv e ly  con stan t throughout 
p o lym erisa tion .
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Figure 3.7: First order kinetic plots for the polymerization of MeO(PEG)MA in 
toluene at at 25°C (■ ), 40°C (□), 60°C ( • )  and 90°C (A) as 
monitored by *H NMR.
A  striking observation from  the polym erisation  reactions d iscu ssed  above is that the 
overall rate o f  polym erisation  is very  fast, w h en  com pared  w ith  p olym erisation  o f  n- 
alkyl m ethacrylate m onom ers under sim ilar experim ental conditions. For exam p le, 90%  
con version  is reached after ca. 1 h at 9 0  °C  for M eO P E G -M A  w hereas on ly  about 35%  
con version  is ach ieved  for m ethyl m ethacrylate under sim ilar co n d itio n s .181 K inetic data 
availab le for the rate coeffic ien ts o f  propagation for /7-alkyl m ethacrylates under 
con ven tion a l free-radical polym erisation  do not sh ow  such large e ffec ts  due to a change  
in m onom er structure or due to so lven t e ffec ts .200 T his unusual fast rate o f
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polymerisation, already observed when using MeOPEG as macroinitiator, stimulated us 
to investigate these effects further (see Chapter 4).
Fischer et al. have derived that in absence of external radical generation with no 
Cu(II) species present at time = 0 s, ln([M]0 / [M]) vs. time should show a 2/3-order 
dependence on time, as a direct result of the persistent radical effect.201 All our 
experiments were carried out using purified Cu(I)Br, so as to match the boundary 
conditions for the model which predicts a 2/3-order dependence. Fitting the 
experimental data shown in Figures 3.5 (Table 3.4), using a non linear least squares 
(NLLS) method of analysis, using the two empirical functions ln([M] 0 / [M]) = a + 
btm  and ln([M]0 / [M]) = a + bt show an overall better fit with a linear dependence on 
time, the second expression. The empirical constant is used as it accounts for 
deviation from ideal conditions at the start of the reaction arising from normal 
experimental errors. The fit parameters, a and b, together with r2 and the standard fit 
error are listed in table 3.3.
ln([M]o/[M]) = a + bt
T/°C a b --------------- Standard fit error
25 0.22445716 0.001255233 0.9736 0.0591
40 0.13511358 0.004311053 0.9989 0.0215
60 0.10216744 0.006543862 0.9978 0.0282
90a -0.28717 0.0456458 0.9898 0.0770
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ln([M]o/[M]) =  a +  ¿t2/3
T/°C a b f 5 Standard fit error
25 0.019295006 0.013824547 0.9746 0.0580
40 -0.23409561 0.03834569 0.9884 0.0710
60 -0.26047872 0.049957482 0.9944 0.0449
90s
a x- ...
-0.8617699 0.20689868 0.9797 0.0770
8 Data used up to ln([M]o/[M]) = 2.10.
Table 3.3: Fitting Results for the Data set for the polymerisation of MeOPEG- 
MA in toluene-</g.
One of the restrictions of the current models is that they do not take into account 
chain-length dependence for the rate coefficients. Other points of criticism are that the 
nature of catalyst is only divided into two structures, a Cu(I) and Cu(II) compound, 
and that chain-growth is assumed to occur via conventional free-radical propagation. 
The current models are too oversimplified to describe transition-metal mediated living 
radical polymerisation and the kinetics are more complex and not well understood. It 
is also noted that even small deviations in starting materials e.g. a small amount of 
Cu(II) present at the start of the reaction will cause deviation from ideal kinetics. Thus 
it is difficult to make precise statements concerning the mechanism of the reaction 
from kinetic data alone.
A clear deviation from the expected monomer conversion profile is seen in Figure 3.5 
at high conversion (> 90%) and high temperature. There are a number of possible 
explanations for this behaviour. Firstly, the enhanced viscosity o f the reaction medium
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results in the rate of macromonomer diffusion becoming important in the overall rate 
coefficient of polymerisation, kp. This results in a suppression of values of kp[Pn*]. It 
has previously been reported that propagation in the metal-mediated living radical 
polymerisation of wobutyl vinyl ether methacrylate (PIBVE- MA) becomes diffusion 
controlled196, Fukuda et al., and also in conventional radical polymerisation systems 
with macromonomers of a variety o f chemical structures.200-202 This effect would be 
more likely to happen at elevated temperatures as a direct result of a higher activation 
energy for propagation for methacrylates (typically 20-28 kJ mol'1) than for monomer 
diffusion (7-15 kJ mol'1). An alternative explanation is the occurrence of termination 
reactions or certain chain transfer events, e.g. from monomer to polymer, which 
would generate secondary and primary carbon centred radicals and thus logically the 
corresponding brominated dormant analogues. This would result in a reduction of the 
concentration of activated species due to a lower rate coefficient of activation, and 
thus to a reduction in kp[Pn*]. An accurate estimation of the extent and relative 
contribution of these two explanations for the observed deviation in monomer 
conversion is, however, not known from the present data.
3.1.5. Conclusion
Copper-mediated LRP of MeOPEG-MA macromonomer was shown to be efficient in 
toluene, and led to well defined polymers, showing a hydrophobic methacrylate 
backbone and hydrophilic polyethylene glycol) pendent chains.
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3.2. Copper-mediated living radical polymerisation of MeOPEG-MA 
macromonomers in aqueous solution.
3.2.1. Introduction.
Water has recently been successfully investigated for the copper mediated LRP of 
polyethylene glycol) based macromonomers.203 It appears to be a solvent of choice 
for the synthesis of water-soluble polymers with well-defined structure. However, if 
2 ,2 ’-bipyridine (bipy) was proved to be an efficient ligand in such conditions, the N- 
(/*-alkyl)-2 -pyridylmethanimine ligands used through this study did not appear to be 
an attractive option for water LRP. The synthesis of these ligands involves a 
condensation reaction with the evolution of water which could lead to a hydrolytically 
unstable ligand when water is present in the medium. As we show in part 4.2.3.1. that 
copper complexes based on this type of ligands are however surprisingly stable in 
water at ambient temperature, copper mediated LRP using the previous defined 
system was investigated at 25°C. Optimisation of the polymerisation conditions were 
carried out to give good control of the polymerisation by careful balancing of 
temperature, [Cu(I)] and [Cu(II)] yielding polymers of predictable molecular mass 
and narrow polydispersity.
3.2.2. Polymerisation of MeOPEG-MA in aqueous solution 
Polyethylene glycol) methyl ether methacrylate (MeOPEG-MA, 2 ) was polymerised 
using l,2-dihydroxypropane-3-oxy-2-bromoisobutyrate (1 ) as a water-soluble initiator 
in presence of copper(I) bromide and ^-(«-propyl)-2-pyridylmethanimine (3) in water 
(homogeneous system).
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Figure 3.8: Polymerisation of polyethylene glycol) methyl ether methacrylate 
(MeOPEG-MA) using l,2-dihydroxypropane-3-oxy-(2-bromo-2- 
methylpropionyl) as a water-soluble initiator mediated by Cu(Br)/A- 
(n-propyl)-2-pyridyImethanimine.
Polymerisations were followed by on-line 'H NMR, as described previously (Chapter
2), using D20  as solvent. Although the inhibitors were not removed from the 
monomer for practical reasons, both monomethyl ether hydroquinone and butylated 
hydroxytoluene are phenols and are not very effective inhibitors under the reaction 
conditions, i.e. in the absence of oxygen. Our group has previously reported that such 
additives do not inhibit this type of polymerisation; indeed slight acceleration effects 
have been observed, ascribed to co-ordination of the phenol group at the copper.204 In 
the present case the acceleration observed by the much higher concentration of water 
is o f a much higher magnitude than would be expected for co-ordination of phenols in 
their present concentration (approximately 3-4 times). When using reagent 
concentrations in similar ratios to that when polymerisations are carried out in organic 
solvents ([Monomer] / [1] / [Cu(I)Br] / [3] = 1 0 /1 /1 / 3, 50% w/w -% monomer with 
respect to D20 ) polymerisation occurred too fast for efficient monitoring to be carried 
out. Quantitative conversion to polymer was reached in less than 5 minutes. Size
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exclusion chromatography (SEC) indicated a relatively broad mass distribution with a 
tail to high mass, polydispersity (PDI = 1.40), figure 3.9.
Log Mwt
Figure 3.9: Mass distribution of the product of the of MeOPEG-MA in D20 ,  at 
[M]/[l]/[CuBr]/[3] = 10/1/1/3,50 w/w % monomer with respect toD20  
(100% conversion in less than 5 minutes).
When the catalyst concentration was reduced by two orders of magnitude the rate of 
polymerisation was lowered with 1 0 0 % conversion being achieved after 60 minutes. 
Under these conditions the measured M„ of the final product was far higher than that 
predicted for efficient initiation and effective living polymerisation, indicating low 
initiator efficiency, giving a polymer with a polydispersity o f 1.43. The conversion 
versus time plot, as obtained from NMR, Figure 3.10, showed an increase in the rate 
of polymerisation at the start of the reaction.
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Figure 3.10: Conversion-time plot for the polymerisation of MeOPEG-MA in 
D20  solvent at 25°C, [M]/Il]/[CuBr]/[3] = 10/1/0.01/0.03. Conversion 
was measured by *H NMR every 5 min.
This polymerisation had been slowed down but the polymer formed did not show the 
characteristics required for successful controlled polymerisation as expected for these 
catalysts, Mn = 28,800, PDI = 1.43. The SEC trace, from this reaction, showed a 
bimodal mass distribution. The high mass part of the bimodal distribution is formed at 
early stages of the reaction (60 minutes), whereas the low mass product increases with 
increasing conversion.
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Copper-mediated radical polymerisation can be represented by three steps including 
activation, propagation and deactivation, Figure 3.11.
Cu(l)Br +  R-Br - —  C uB r--B r-R  "  Cu(ll)Br2 +  R*
Monomer
''
Propagation
Figure 3.11: Representation of the mechanism of copper-mediated living radical 
polymerisation.
The two main steps, activation and deactivation, are governed by the redox 
equilibrium of [Cu(I)]/[Cu(II>] under the reaction conditions. Where the equilibrium 
lies too far to the right propagation is fast. This results in the formation of both living 
chain growth and free radical chain growth, giving rise to the bimodal mass 
distribution. In an attempt to circumvent termination, copper(II) was added as an 
inhibitor to move the equilibrium to the left, decreasing the concentration of active 
chains. Our first experiment involved replacing 10% of the Cu(I) by Cu(II) 
maintaining a ratio ([Cu(I)] + [Cu(II)])/[l] = 1/100) while maintaining all other 
reaction conditions as before. The mass distribution shows a bimodal distribution 
indicating at least two different polymerisation mechanisms with high mass polymer 
formed early in the reaction and growth of lower mass polymer over 22 hours (Figure 
3.12). Furthermore, the rate of polymerisation was significantly decreased.
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2 3 4 5 6
Log Mwt
Figure 3.12: SEC traces of polymerisation of MeOPEG-MA in D20  at 25°C, 
(l]/|Cu(I)Br|/ [Cu(II)Br2l/|31 = 1/0.009/0.001/0.03.
T he cata lyst c o m p o sitio n  w a s su b seq u en tly  ch an ged  to [C u (I)]/[C u (II)] =  0 .5 /0 .5  
aga in  m ain ta in in g  the overa ll ([C u (I)] +  [C u (II)])/[I] =  1 /100 ). P o lym erisa tion
p roceed ed  s lo w ly  w ith  80%  con version  reached  after 22  h, M n d ev ia ted  s ig n ifica n tly  
from  th e p red icted  va lu e. T he con centration  o f  C u(I) w a s  thus further reduced  to  
[C u (I)]/[C u (II)] =  1 0 /90 , ([C u(I)] +  [C u (I I )]) /[ l]  =  1 /100 ). T h e sy stem  n o w  con ta in ed  
[ l] /[C u (I ) ]  =  1000/1 and [ l ] /[C u (I l) ]  =  1000 /9 . T h e reaction  reach ed  50%  after 5h  
w ith  the p o ly m er  h av in g  M n c lo se  to  the th eoretica l v a lu e  and w ith  a narrow
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p o ly d isp ersity , PD I =  1 .15. H o w ev er , the reaction  term inated  after ap p rox im ate ly  4  
hours, F igure 3 .1 3 .
Figure 3.13: First order kinetic plot for the polymerisation of MeOPEG-MA in 
D20 , [M]/[l]/[Cu(I)Br|/[Cu(II)Br21/[31 = 10/1/0.001/0.009/0.03.
T h is is surprising, as the ca ta lyst is stab le in  w ater at 25  °C  (se e  chapter 4 ). It is noted  
that both  o x y g e n  and n itrogen  donors are e x c e lle n t ligan d s for copper(II) relative to  
h a lid e  io n s  In aq u eou s so lu tion , n itrogen  b identate ligan d s can  rep lace 4  w ater  
ligan d s on  C u (H 20 ) 62+, but rep lacem ent o f  the third and fourth are k in e tica lly  le ss  
favou rab le .205 W ater is  u su a lly  a better ligand  for cop p er(II) re la tive  to  copper(I), 
resu ltin g  in a co m p etitio n  b etw een  the N  b identate ligan d  and w ater on  copper(II)
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displacing the equilibrium towards Cu(II), which in turn acts as a polymerisation 
inhibitor. As relatively stable Cu(II) is formed during the reaction the equilibrium is 
such that polymerisation is effectively retarded. Furthermore, as relatively low levels 
of catalyst were used ( l /1 0 0 th of the normal concentration), changes in the nature of 
the copper species have a large effect and the equilibria become very sensitive to 
these changes. These effects were observed as colour changes throughout the reaction. 
The polymerisation solution was initially dark-brown becoming lighter in colour 
throughout the reaction. The solution appeared slightly blue once the reaction is 
terminated.
To circumvent these problems the total amount of copper was increased to 1/20 of the 
original amount, as opposed to 1/100. When only Cu(I) is present at 1/20 the original 
amount at the start of the reaction ([Cu(II)] = 0) quantitative conversion is reached 
after 25 minutes, but polymer has a higher Mn than predicted and PDI = 1.61. 
However, when a mixture of copper(I) and (II) was used with Cu(I) / Cu(II) = 0.1 / 
0.9 a conversion of 97.2% was seen after 17 h, with the product showing a molecular 
weight close to the theoretical value, and a PDI of 1.13.
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Figure 3.14: First order kinetic plot for the polymerisation of MeOPEG-MA in 
D20 , IM]/[l)/[Cu(I)Br]/ [Cu(Il)Br2]/[31 = 10/1/0.005/0.045/0.1.
Figure 3 .1 4  illustrates th e first order k in etic  p lot for th is reaction . In th is ca se , the  
am ount o f  ca ta lyst u sed  w a s high en ou gh  to avo id  the reduction  in ca ta lyst e ff ic ie n c y  
during the p o lym erisa tion  after 4  hours as p rev io u sly  seen . It is  noted  that m easured  
p o ly d isp ers itie s  appear to  be narrow er than theoretical P o isso n  d istribution  at these  
lo w  co n v ersio n s. T h ese  e ffec ts  w ere ascribed  to the d ifferen ce  in hydrodynam ic  
v o lu m e  b etw een  the linear P M M A  u sed  as narrow  standards for th e SE C  and the 
current p o ly eth er  com b  p o lym ers w h ich  seem s to result in  a lo w e r  v a lu e  for M w and  
h en ce  a narrow er o b serv ed  p o lyd isp ersity . T h e  true p o ly d isp ers ity  w o u ld  prove
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d ifficu lt  to  m easure accu rately  for th ese  lo w  m olecu lar  w e ig h t p o lym ers and it is  thus 
co n sid ered  reason ab le  to  u se  the m easured  v a lu es as in d ica tive , re lative  va lu es.
L o w er in g  the con centration  o f  cop p er salts resu lted  in im p roved  contro l o v er  the  
p o lym erisa tion . T h is w a s accom p an ied  b y  a reduction  in the rate o f  reaction . 
Increasing  the am ount o f  ca ta lyst in creased  the rate. Indeed , w h en  a ratio o f  
[C u (I)]/[C u (II)] =  1 0 /90  w ith  a ratio [C u ]/[1 ] =  1/1 a con v ersio n  o f  100%  w as  
a ch iev ed  after le ss  than 2 0  h, lead in g  to  a product h av in g  M n =  8 ,5 0 0  and PD I =  1.15.  
D ecrea sin g  the am ount o f  C u(II) relative  to C u(I) to  [C u (I)]/[C u (II)] =  0 .5 /0 .5 , w h ile  
m ain ta in in g  the overall am ount o f  cop p er lead s to  100%  co n v e r s io n  after 75  m in u tes, 
M n =  9 ,5 0 0 , P D I = 1 . 1 0 .
Figure 3.15: SEC traces for the polymerisation of MeOPEG-MA in D20 ,  
|Ml/[l]/|Cu(I)BrJ/ [Cu(II)Br2]/[3] = 10/1/0.5/0.5/2 as a function of
time, samples taken every 5 min.
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F igure 3 .1 5  dem onstrates SE C  traces for sam p les taken at regular tim e in tervals in  th is  
reaction . T h ese  SE C  traces can  b e  u sed  to fo llo w  the k in etics  o f  p o lym erisa tion . A fter  
30%  con v ersio n , w e  o b serve  the appearance o f  a sm all am ount o f  h igh er  m olecu lar  
w eig h t m aterial, due to  term ination  b y  recom b in ation  as nearly  a lw a y s  ob served  in all 
typ es o f  liv in g  radical p o lym erisa tion . T he proportion o f  term ination  w a s ca lcu la ted  to  
be 5%  at the end o f  the p o lym erisa tion . T he first order k in etic  p lo t, F igure 3 .1 6 , sh o w s  
that the p o lym erisa tion  occu rs ov er  a short tim e period  (ap p rox im ate ly  70  m in u tes for 
90%  co n version ).
Figure 3.16: Kinetic plot for the polymerisation of MeOPEG-MA in D20 ,  
[M]/[ll/[Cu(I)Br]/ [Cu(II)Br2]/[3] = 10/1/0.5/0.5/3 at 25°C (□ ) and 
35°C(A).
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In th is c a se  the rate o f  p o ly m er isa tio n  in creased  th rou gh ou t th e co u rse  o f  th e reaction  
sh o w in g  an apparent in crease in kp[P n*]. A s  th e con tro l o f  both  M n and PD I are g o o d  
w e  are co n fid en t that [Pn*] rem ain s at least a p p ro x im a te ly  con stan t.
T h e c h a n g e s  in  the co lora tion  o f  th e reaction  m ixtu re o n  ch a n g in g  the le v e ls  o f  total 
c o p p er  and th e  ratio o f  cop p er(I) to  cop p er(II) is  q u ite  rem arkable, F igu re 12. W ith  the  
lo w e s t  le v e ls  o f  ca ta lyst, the so lu tio n  is  w a ter-w h ite  h o w ev er , it is  n oted  that th is  
resu lted  in lo s s  o f  rate after 4  hours. T h e m ed ian  am ou n t o f  co p p er  ([2 ]/[C u ] =  2 0 )  is  a 
sem i-tran sp aren t green  so lu tio n  in d ica tiv e  o f  cop p er(II).
(O ) (A) (□ )
Figure 3.17: Reaction solutions with Il|/[Cu| = 1 (O), 20 (A), and 100 (□ ) in 
water at ambient temperature under nitrogen in Schlenk tubes 
([Cu|/[3I = 1/3).
In order to  d em on strate  th e ex ten t o f  liv in g  ch aracter o f  th is  p o ly m erisa tio n , a chain  
e x te n s io n  reaction  w a s  carried out. A n  ad d ition  a liq u o t o f  m o n o m er  w a s ad d ed  to  a 
co m p le te d  reaction  (1 0 0 %  c o n v ersio n ). A fte r  a further 5 hours, the reaction  w a s  
sto p p ed  and th e  p rod u ct iso la ted . T h e m o lecu la r  w e ig h t o f  th e resu ltin g  p o ly m er  w a s  
th en  com p ared  to  the m o lecu la r  w e ig h t o f  the macro-initiator. F igu re 3 .1 8  sh o w s  that 
th e M n o f  the final product w a s  ap p ro x im a te ly  tw ic e  th e M n o f  the p o ly m e r  u sed  as 
m acro-in itia tor. T h is  is  g o o d  e v id e n c e  for  liv in g  p o ly m er isa tio n .
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Figure 3.18: SEC traces for the reinitiation polymerisation of MeOPEG-MA 
initiated by a macroinitiator.
3 .2 .3 . C on c lu sion .
C on tro lled  p o lym erisa tion  w as ob ta in ed  b y  p o ly m erisa tio n  at am b ien t tem perature  
w ith  reduced  le v e l o f  cop p er than w o u ld  n orm ally  be u sed  in organ ic  so lv en ts . A n  
ap p reciab le  am ount o f  copper(II) has to  b e  added to  the reaction  as an inh ib itor in  
order to  s lo w  the reaction  d ow n  to accep tab le  le v e ls . A lth o u g h  it m ay  be surprising  
that p o lym erisa tion  occu rs in  the p resen ce o f  su ch  large q u an tities o f  cop p er(II) th ese  
o b serva tion s are certa in ly  not w ith ou t p reced en ce . A  recent article  from  Z hang et 
a / .117 reported that the p o lym erisa tion  o f  so lk eta l m eth acry la te  u sin g  e x c lu s iv e ly
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Cu(II)Br2 in conjunction with an aliphatic tetra-amine ligand. In this case acceptable 
rates are achieved and polydispersities < 1.20 obtained. Copper levels can be reduced 
even further but the low concentrations make the reagents difficult to work with on 
this scale o f reaction with deactivation occurring at later stages of the polymerisation. 
The acceleration of the reaction in water by comparison to toluene will be further 
investigated in chapter 4. This increase in rate inherently results in an increase in the 
concentration of free radicals, which in turn lead to increased termination, and loss of 
the advantages associated with living polymerisation. In order to circumvent these 
problems the rate has to be slowed down. A range of options including (i) lowering 
the temperature, (ii) reducing the level of catalyst and (iii) the addition of inhibitors 
may achieve this. Water is such a good medium for these reactions that empirical 
change of all of these parameters proved necessary in order to obtain controlled 
polymerisation. However, we have demonstrated that it is possible to obtain narrow 
polydispersity polymer of controlled molecular mass with good first order kinetics by 
appropriate choice of reaction conditions. Indeed it is possible to prepare block 
copolymers by sequential monomer addition. Thus water can be used as an effective 
polymerisation medium but the large increase in the rate introduce unexpected 
problems thus the nature of the solvent used for polymerisation has to be carefully 
considered in each case. Thus the controlled radical polymerisation of water soluble 
monomers to water soluble polymers can be carried out using bis(A-(«-propyl)-2 - 
pyridylmethanimine)copper(I) complexes as catalyst with the polymerisation showing 
many attributes associated with living polymerisation.
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3.3. Synthesis o f new surfactant molecules.
The graft polymer obtained previously presents a hydrophobic methacrylate 
backbone, with hydrophilic polyethylene glycol) pendant chains. As seen in chapter 
2, functional copper-mediated LRP initiators can be synthesised by the reaction of an 
appropriate alcohol with an a-bromo acid bromide. It is therefore possible to choose 
different initiators that would enhance the backbone hydrophobicity in order to 
investigate the amphiphilic properties of different MeOPEG-MA polymers. Such LRP 
was performed in toluene to give products showing various hydrophobic blocks.
3.3.1. Use o f phenvl-2-isobutvrate as initiator.
As outlined in section 3-1, polymerisation of MeOPEG-MA using a-bromo-isobutyric 
acid phenyl ester initiator was efficient leading to a polymers of well described 
structure. The polymer obtained was the simplest structure possible, and the properties 
of this amphiphilic polymer are investigated in chapter 5 .
The non-volatile nature of the MeOPEG-MA macromonomer coupled with the low Tg 
of poly(MeOPEG-MA) makes the usual procedures for purification (monomer 
evaporation or precipitation) unusable. Furthermore, the copolymer showed a strong 
green colour coming from Cu(II) present in the polymer, even after filtration throw a 
basic alumina column. The block copolymer was dissolved in distilled water and the 
solution was subjected to ultrafiltration by dialysis with a molecular barrier of ~ 1 0 0 0  
g/mol: The macromonomer of smaller molecular weight and Cu(II) dissolved in 
water, by formation of the water-soluble complex Cu(H20 ) 62+. 105 were therefore
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eliminated. The purified aqueous solution was concentrated by high vacuum rotary 
evaporation and freeze dried overnight.
3.3.2. Use of octadecvl-2-bromoisobutvrate as initiator.
In order to add a longer alkyl chain to the graft polymer, a 18 carbon chain showing a 
final hydroxyl group was transformed into an initiator and used to polymerise 
MeOPEG-MA.
3.3.2.1.Synthesis.
Figure 3.8: Esterification reaction of octadecanol.
As described in part 2.2, the initiator was synthesised by esterification with 2- 
bromoisobutyryl bromide (Figure 3.8). The product of the reaction was analysed by 
'H NMR and infrared spectroscopy to confirm the presence of active chain-end.
3.3.2.2.Polymerisation o f MeOPEG-MA with octadecyl-2-bromoisobutyrate. 
Copper(I)bromide / N-(«-propyl)-2-pyridylmethanimine living radical polymerisation 
of MeOPEG-MA was performed using octadecane-2-bromoisobutyrate as initiator, in 
toluene at 60°C.
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Figure 3.9: First order rate plot for the LRP of MeOPEG-MA in toluene at 60°C 
initiated by octadecyl-2-bromoisobutyrate and mediated by Cu(I)Br / 
7V-(/i-propyl)-2-pyridylmethanimine (|M] / |I] / |Cu] / [Lj = 10 / 1/1 / 
2)
F igure 3 .9  sh o w s  the k in etic  p lo t o f  the reaction . A  linear b eh av iou r  w a s  ob served  up 
to h igh  co n v ersio n  (98% ), a s ex p ec ted  b y  the p rev io u s study (sec tio n  3 -1 ), 
dem on stratin g  the con stan t con centration  o f  reactive  sp e c ie s . T h e m o lecu la r  w eigh t  
in creased  regu larly  w ith  the con v ersio n  and the PD I stayed  lo w  during the reaction  
(s e e  figu re 3 .1 0 ). A  final product o f  m o lecu lar  w e ig h t c lo s e  to  the th eoretica l on e, 
w ith  narrow  m olecu lar  w e ig h t d istribution  w as ob ta in ed . In order to a v o id  any
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reaction  o f  term ination , the reaction w a s stopped  after 90%  co n v ersio n  and the 
product iso la ted  for surfactant properties characterisations.
Figure 3.10: Evolution of molecular weight distribution and PDI for the LRP of 
MeOPEG-MA in toluene (50% v/v) at 60°C initiated by octadecyl-2- 
bromoisobutyrate and mediated by Cu(I)Br / A4/»-propyl)-2- 
pyridylmethanimine.
T h e resu ltin g  w ater-so lu b le  b lock  co p o ly m er , w ith  en h an ced  h yd rop h ob ic  b ack b on e, 
had a D P  in M eO P E G -M A  ~  10 (ca lcu la ted  b y  N M R , M nSEC =  6 ,2 0 0 )  and a narrow  
p o ly d isp e r s ity  (1 .1 2 ) . T he p o ly m er  w a s purified  b y  d ia ly s is  as a b o v e , and iso la ted  for  
further surfactant property stu d ies (C hapter 5).
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3.3.3. Use of a-perfluoroalkvl-2-bromoisobutvrate.
In order to enhance even more the hydrophobicity of the backbone, a fluorinated 
chain was introduced into the molecule. Fluorinated macroinitiators have been 
successfully used for LRP117 leading to products showing interesting solution 
properties.206
3.3.3.1.Synthesis.
Perfluoroalkyl ethanol (Zonyl, Du Pont) is synthesised by the télomérisation of 
tetrafluoroethylene and results in a product with various linear chain lengths207-208. 19F 
NMR spectrometry indicated that the average number of CF2 unit was n = 8  (Figure 
3.11).
(CH3CH2)3N
Figure 3.11: Esterification reaction of perfluoroalkyl ethanol.
The macroinitiator was formed by esterification with 2-bromoisobutyryl bromide (see 
Experimental for details).
3.3.3.2.Polymerisation o f  MeOPEG-MA ct-perfluoroalkyl-2-bromoisobutyrate.
LRP of MeOPEG-MA initiated by cc-perfluoroalkyl-2-bromo-isobutyrate at 60°C 
occurs at a faster rate than when initiated by phenyl-2 -bromoisobutyrate, with 9 5 % 
conversion achieved in 2 hours (see Figure 3.12). The rate of polymerisation increases 
after 20 minutes (20%) and stays constant up to a conversion of 90%. At high
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co n v ersio n , term inations, chain  transfer reactions and h igh  v isc o s ity  o f  the so lu tion  
s lo w  d o w n  the reaction , as d iscu ssed  ab ove.
Figure 3.12: First order rate plot for the LRP of MeOPEG-MA in toluene at 
60°C initiated by a-perfluoroalkyl-2-bromoisobutyrate and mediated 
by Cu(I)Br / 7V-(/i-propyl)-2-pyridyImethanimine ((Ml / [I] / |Cu( / [L| 
=  10 / 1/ 1 / 2)
F igu re 3 .1 3  sh o w s the ev o lu tio n  o f  the m olecu lar  w e ig h t in fu n ction  o f  the p o ly m er  
c o n v ersio n , w h ich  se e m s  to stay  constant. T h is  can be ex p la in ed  b y  the p resen ce  o f  
the fluorinated  initiator. In TH F, the p o lym er co u ld  act as a sh e ll, trapping the  
flu orin ated  in itia tor a w a y  from  the so lv en t. T h is  w o u ld  ex p la in  w h y  the
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h yd rod yn am ic v o lu m e o f  the product appears con stan t, indep en d en t o f  the  
p o ly (M eO P E G -M A ) D P .
"0o
Figure 3.13: Evolution of molecular weight distribution and PDI for the LRP of 
MeO(PEG)-MA in toluene (50% v/v) at 60°C initiated by a- 
perfluoroalkyl-2-bromoisobutyrate and mediated by Cu(I)Br / N-(n- 
propyl)-2-pyridyImethanimine.
T he w a ter-so lu b le  co p o ly m er  w as purified  b y  d ia ly s is , to g iv e  a p o ly m er  o f  M nSEC =  
6 ,7 0 0  g /m o l and PD I =  1.07. T he M nNMR w a s d ifficu lt to ca lcu la te , as no in itiator  
p eak s w ere  c lear en ou gh  for integration. H o w ev er , as the S E C  resu lts g a v e  a lo g ic a l  
m o lecu la r  w e ig h t regarding to the p o lym erisa tion  o f  M eO P E G -M A  w ith  a m ore
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classic initiator (with Mn slightly higher) or the LRP using octadecyl-2- 
bromoisobutyrate we were confident in the achievement o f a final DP close to the 
theoretical one, and narrow MWD. The polymer was submitted to surfactant property 
studies (Chapter 5).
3.3.4. PMMA used as a macroinitiator
As described in Chapter 1, the living nature o f polymers prepared by atom transfer 
polymerisation has been exploited to make block copolymers by addition of a second 
monomer.
Homopolymérisation o f MMA and subsequent isolation of the resultant polymer 
yielded a macroinitiator with a halogen co-end group for polymerisation o f the second 
block. Block copolymers PMMA-i-poly(MeOPEG-MA) with respective DP of 50 
and 1 0  were synthesised to study the difference in properties o f a better-controlled 
structure copolymer, as well as the influence o f a graft block versus linear block by 
comparison to the copolymer MeOPEGu2-6 -PMMA50 formed in chapter 2.
3.3.4.¡.Synthesis o f PMMA.
In order to obtain a product of molecular weight close to 5,000 g/mol, and showing 
active chain end groups, a copper(I)bromide /  A-(n-propyl)-2-pyridylmethanimine 
LRP of MMA was performed in toluene at 90°C using 2EIBr as initiator, with a small 
amount o f copper(II) introduced in the medium (Cu(I) /  Cu(II) = 0.95 /  0 05) The 
resulting polymerisation was subsequently slowed down and a better control over the 
reaction was obtained at the very beginning. The polymerisation was stopped around a
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conversion o f 70%, in order to insure that the end groups stay active. The product was 
then precipitated in petroleum spirit and purified, yielding to an oligomer of 
M„=5,200 g/mol and PDI =1.14, showing an active co-end group, and therefore used 
as macroinitiators.
Figure 3.14: First order rate plot for the LRP of MMA in toluene at 90°C 
initiated by Ethyl-2-bromoisobutyrate and mediated by Cu(I)Br / 
Cu(II)Br2 /  Ar-(n-propyl)-2-pyridylmethanimine ([M] /  [IJ /  [Cu(I)J / 
[CuflDl / [LI = 60 /1 /  0.95 / 0.05 / 2)
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The molecular weight evolution measured by SEC showed a linear increase as 
expected for a living polymerisation. The polydispersity stayed remarkably low, even 
at low conversion (See figure 3.15).
Figure 3.15: Evolution of molecular weight distribution and PDI for the LRP of 
M M A  in toluene (50% v/v) at 90°C initiated by Ethyl-2- 
bromoisobutyrate and mediated by Cu(I)Br / Cu(II)Br2 / N - (n -  
propyI)-2-pyridylmethanimine ( [M ]  / [I] / [Cu(I)] / [Cu(II)J / |L] -  60 
/1 /  0.95 / 0.05 / 2)
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3 .3 .4 .2 .Polym erisation o f  M e O P E G -M A  o n P M M A  m acroin itiator.
PMMA initiated LRP of MeOPEG-MA was undertaken at 60°C. The polymerisation 
showed a higher rate for the first few minutes, and then followed good first order 
kinetics up to a conversion of 95% (Figure 3.15). It is noteworthy that, as observed 
with the previous initiators, the rates is slowed down after 95% conversion. This can 
be explained by the concentration of active species decreasing due to termination and 
transfer reactions, or the propagation becoming more diffusion controlled, as the 
viscosity of the solution is increased by the presence of the macroinitiators.
time / min
Figure 3-16*- First order rate plot for the LRP of MeO(PEG)-MA in toluene (50% 
v/v) at 60°C initiated by PMMAS0 and mediated by Cu(I)Br / N - (n -  
propyl)-2-pyridylmethanimine ([Ml / [I] /  [Cu] / [LI = 10 / 1 / 1  / 2)
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The molecular weight increased regularly with the conversion and the PDI stayed low 
during the reaction (see Figure 3.17).
Figure 3.17: E v o lu tio n  o f  m o lecu la r w e ig h t d is tr ib u tio n  and P D I  fo r  th e  L R P  of 
MeOPEG-MA in toluene (50% v/v) at 60°C initiated by PMMAS0 
macroinitiator and mediated by Cu(I)Br / A-(«-propyl)-2- 
pyridylmethanimine.
3.4. Conclusion
In this chapter, LRP of MeOPEG-MA was shown to be efficient, leading to well 
defined graft water-soluble oligomers, o f low molecular weight. Furthermore, water 
was shown to be an interesting solvent for such polymerisation, leading to an
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improvement of the speed of the reaction, and an evolution in the experimental 
procedure.
MeOPEG-MA was then used as monomer in the living radical polymerisation with 
various initiators, in order to synthesis different copolymers showing surfactant 
properties. Surfactant properties of the resulting products will be tested in chapter 5.
3.5. Supplementary information.
T/K t/min Conv.* <Mn>th <Mn> \ xp <Mn>bexp PDIb
298 60 13.2 638 1090 1.41
120 24.9 1204 1800 1.32
180 34.4 1664 2500 1.16
240 37.0 1760 2010 2570 1.08
313 20 13.4 648 1240 1.32
40 22.3 1078 1600 1.32
60 26.8 1296 1960 1.28
120 48.3 2336 3700 1.21
180 56.8 2747 4200 1.16
240 64.1 3100 5010 1.14
300 70.4 3405 3700 5820 1.14
333 20 29.3 1417 2110 1.28
40 42.2 2041 2700 1.15
60 56.7 2742 3700 1.16
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120 74.6 3608 4480 1.11
180 78.9 3816 4700 1.10
240 90.1 4357 5300 1.14
300 92.8 4488 4620 5390 1.11
363 20 38.7 1872 2710 1.08
40 56.0 2708 3690 1.13
60 68.9 3330 4700 1.07
120 76.8 3716 5020 1.12
180 81.7 3950 5200 1.13
240 85.2 4120 5460 5370 1.12
a Determined by the *H NMR peak intensity ratio 
b Estimated by PMMA-calibrated SEC.
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3D Schematic of the potential copper coordination competition between oxygen containing molecules and ligands.
Chapter 4 Mechanistic approach to the
polymerisation: Solvent effects.
4.1. Introduction.
The nature of the solvent in copper mediated living radical polymerisation plays an 
important role in the mechanism and rate o f polymerisation. For example, THF can 
even copolymerise, while 2-propanol209, DMF210, ethylene or propylene carbonate211, 
diethyl ether211 and ethylene glycol diethyl ether (see chapter 2 and chapter 3) 
enhance the rate o f polymerisation. Indeed careful reading of the literature shows that 
non-polar solvents such as toluene are preferred to (bpy)2Cu(I) mediated 
polymerisations whilst more polar ethers, anisole or diphenyl ether, are preferred for 
methacrylates. There seems no apparent rational for these different reaction conditions 
other than differences in solubility of reagents. Therefore it seems that a careful 
consideration of the solvent with regards to co-ordination of various species that may 
be present in the reaction and its ability to solubilise monomer, polymer and catalyst 
is always required.
We have seen in the previous chapters an original behaviour of the polymerisation 
(kinetics and catalyst complex evolution) during copper-mediated living radical 
polymerisation in presence of polyethylene glycol) species.
In chapter 2, unusual fast kinetics were observed when using polyethylene glycol) 
methyl ether based macroinitiators for the LRP of alkyl methacrylates. The rate of the 
polymerisation was shown to increase with the size of the macroinitiator chain. For 
molecular weight of ~2,000 and ~500 g/mol, a variation of rate was observed at the 
beginning of the reaction, with a decrease after few minutes of polymerisation. When 
using ethylene glycol diethyl ether as solvent for the LRP initiated by MeOPEG-Im , a 
constant increase of kp[Pn*J was noticed, with an overall kinetic faster than the 
polymerisation carried out in toluene.
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In chapter 3, the LRP of MeOPEG-MA in toluene appeared again faster than classic 
LRP of alkyl methacrylate in the same conditions. When carried in water, the reaction 
is speeded up, with kp[Pn*] increasing regularly in time. Finally, water was found to 
affect the catalyst complex, destroying it after a long period, at low concentration in 
copper.
These observations motivated us to investigate further the solvent effect on the 
copper-mediated living radical polymerisation presented in this work.
4.2. Potential Co-ordination effect on the catalyst complex.
4 71. Effect o f ethvlene oxide groups on copper-mediated LRP.
As the presence of ethylene glycol groups proved to influence the copper-mediated 
LRP of MMA, further studies were undertaken. In order to determine if alkyl ether 
groups affect the rate of polymerisation, living radical polymerisations in presence of 
ethylene glycol diethyl ether were carried out.
Benzyl methacrylate (BzMA) monomer was chosen as monomer-model for the 
polymerisation followed in-situ by 'H NMR, as described in chapter 2. Monomer 
conversion could be easily measured by integration of the vinyl resonances (6-5 ppm) 
relative to the combined values of the CH2 a  to 0C = 0, shifted by the presence of the 
aromatic ring, from the monomer and polymer (5.10 ppm) (see Figure 4.1).
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Figure 4.1: Figure 3.6: Partial >H NMR spectra at different stages of monomer 
conversion for the polymerization of BzMA in (EtO)2EG at 50 °C .
L iv in g  radical p o lym erisa tion s o f  b en zy l m ethacrylate (B z M A ) w ere carried out in a 
to lu en e-i/s  so lu tio n  w ith  (i) a PE G -based  m acroin itiator, M e O P E G -In 3 (2 ), and ( ii)  
e th y le n e  g ly c o l d ieth yl ether as c o -so lv en t. A cco rd in g  to the p rev iou s stu d y  (se e  
ch ap ter 2 ) ,  the reaction  tem perature w a s kept at 5 0 °C  in order to  keep  contro l ov er  the  
p o ly m erisa tio n .
T he u se  o f  o x y e th y le n e  con ta in in g  m acro-in itiators in creased  the overa ll rate o f  
p o ly m er isa tio n  m arked ly  in com p arison  to  a sim ilar  liv in g  radical p o lym erisa tion  w ith  
eth yl 2 -b rom oisob u tyrate  as in itiator (F igure 4 .2 ) . T he ad d ition  o f  e th y len e  g ly c o l  
d ieth y l ether as c o -so lv e n t in the p o lym erisa tion  o f  B zM A  a lso  sh o w e d  a large rate 
en h an cem en t, in  com p arison  to reactions carried out in  neat toluene-*/* (F igu re  4 .2 )
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Figure 4.2: First order kinetic plots for the polymerization of benzyl 
methacrylate (BzMA) in toluene-*/» at 50 °C (O), in toluene using an 
oxyethylene macroinitiator, MeO(PEG)-In3 (M„ = 5000 g/mol ; ■), 
and in toluene-*/» / diethyl ether ethylene glycol (4/1 g/g; □). 
Conversion monitored by *H NMR.
W h ile  the reaction  in itiated  b y  M eO P E G -Im  appeared con tro lled  up to ap p roxim ately  
85%  c o n v ersio n , the reaction  in (E tO )2EG sh o w ed  a c lear d ev ia tion  from  a first order 
b eh av iou r. kp[Pn*] in creases regularly up to a co n version  o f  85% , then d ecrea ses up to 
98%  co n v ersio n . T h is beh aviou r is sim ilar as the o n e  ob served  in chapter 2 , figure
2 .2 2 , w h en  p o ly m erisin g  M M A  in (E tO )2EG in itiated  b y  M e O (P E G )- ln 3. W h ile  the 
d ecrea se  o f  rate tow ard the end o f  the p o lym erisa tion  can  be u nderstood  as
131
Chapter 4 Mechanistic approach to the
polymerisation: Solvent effects.
termination reactions decreasing the concentration in active species, then kp[Pn*], the 
kinetic behaviour during the first 3 hours is more difficult to understand. This is due 
to an increase of either kp or [Pn*] or even both.
4.2.2. Possible effect of ethylene oxide groups on the catalyst complex.
The influence of the nature of the reaction on the rate o f polymerisation could be 
ascribed to a change in the nature o f the copper-catalyst by competitive co-ordination 
of oxyethylene groups at the metal. This possibility was considered after measurement 
of the 'H NMR spectra of the catalyst under different conditions.
Figure 4.3 shows the partial 'H NMR spectra of A^-(n-octyl)-2-pyridylmethanimine in 
toluene-i/«, using ethylene glycol diethyl ether as additive, (a) in the absence of the 
additive and (b) in presence of the additive, (c) bis(/j-Oct-L)copper in the absence of 
the additive (d) bis(«-Oct-L)copper with ethylene glycol diethyl ether (1:1) and (e) 
bis(n-Oct-L)copper with ethylene glycol diethyl ether (1:5). In the case o f a 
complexed ligand, a broad signal is observed.
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toluene
Figure 4.3: Partial 'H NMR spectra, aromatic region, of (a) 7V-(/i-octyl)-2- 
pyridylmethanimine in toIuene-</8 (b) iV-(/»-octyl)-2-
pyridylmethanimine with the addition of 2 equivalents of diethyl 
ether ethylene glycol (c) bis(yV-(n-octyl)-2-
pyridylmethanimine)copper(I) (2:1, ligand to CuBr) (d) bis(/V-(/i- 
octyl)-2-pyridylmethanimine)copper(l) (2:1, ligand to CuBr) with 2 
equivalents of ethylene glycol diethyl ether and (e) bis(/V-(/i-octyl)-2- 
pyridylmethanimine)copper(I) (2:1, ligand to CuBr) with 5 
equivalents of ethylene glycol diethyl ether.
C la ss ic a lly , th is typ e  o f  broaden ing  ob served  b y  'H  N M R  sp ec tro sco p y  can be  
ex p la in ed  in  tw o  w a y s .212  A  first exp lan ation  is  the efficient relaxation o f  the
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m olecu le: T h e relaxation  o f  a l3C or ‘H is prom oted  b y  a n e igh b ou r atom s, as the 
d ip o lar v ec to r  th ey  form  varies b y  regard to the m agn etic  f ie ld  ap p lied  w h en  the 
m o le c u le  tu m b les in  so lu tion . A s  the H eisen b erg  uncertainty  p r in c ip le  sta tes, i f  a state
as a life tim e  xm, then there is an uncertainty in its en ergy  g iv en  by: 8 E =  —  -
From  th is can  b e  d ed u ced  that the larger the relaxation  rate (Xm'1) is , the larger 8 E w ill 
be. A s  the variation  in en ergy  is proportional to the freq u en cy  (P la n k ’s law: AE =  /iv ), 
an un certa in ty  in  the en ergy  requires an uncertainty in the frequency . T h u s, the faster  
th e re laxation , the b ig g er  the freq u en cy  uncertainty, and therefore a broad sign a l is 
ob ta in ed . In the ca se  o f  sm all m o lecu le s , the tu m b lin g  freq u en cy  is  too  fast to prom ote  
e ff ic ie n t  re laxation  (~ 1 0 'n ). In the ca se  o f  b ig g er  m o le c u le s  or v is c o u s  so lu tion , 
h o w e v e r , th e tu m b lin g  freq u en cy  w ill  b e  around l O V  or le ss , resu ltin g  in a broaden  
lin e . A  typ ica l ex a m p le  o f  th is e ffe c t  is the broaden ing  o f  the 'H  N M R  spectrum  
sig n a l o b serv ed  for the protons o f  a p o lym er b ack b on e during its form ation.
Figure 4.4: Variation of the lH NMR spectroscopy proton signal when the rate of 
exchange from different environments varies from very slow (a) to 
very fast (!) with the evoluting intermediates ((b) to (e)).212
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A second explanation is an environmental exchange. When the rate constant for the 
exchange between one environment and another is greater than the frequency 
difference of the proton resonances in the separate environments, a broadening in the 
signal will be observed. When the rate of exchange is very low, the protons will 
appear as separate signals, but when the rate of exchange is very fast, they will appear 
as a line, seen as the average of the two signals (see figure 4.4).
In the present case, this last possibility appears to be the most probable. Our group has 
already observed fast exchanges between complexed and free ligand, as the *H NMR 
spectroscopy signal of the aromatic protons shifts and broadens with the increase of 
the temperature.213 The ligand is in fast dynamic coordination equilibrium on the copper 
centre on the NMR time-scale and as the observed NMR spectrum is an average of 
complexed and uncomplexed ligand, the peaks appear broader.
Ethylene glycol diethyl ether does not influence the spectrum of JV-(n-octyl)-2- 
pyridylmethanimine, but does alter the spectrum of the copper complex. As the 
amount of 1,2-diethoxy ethane is increased the spectrum shifts towards that of the free 
ligand. An addition of ethylene oxide species favours a more “loose” catalyst 
structure. This can be interpreted as evidence that the ethylene oxide groups co­
ordinate to the copper in competition with the diimine thus changing the nature of the 
active species. It is however noteworthy that the peaks from ethylene glycol diethyl 
ether does not seem to be influenced by the complexation, as no obvious shifts are 
observed when in presence o f copper.
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In order to in vestiga te  th is e ffec t further, the exp erim en ts d esig n ed  to fo llo w  the 
k in e tic s  o f  the p o lym erisa tion  in-situ b y  N M R  w ere used  to  m on itor  the co m p lex  
throughout the reaction.
2
Figure 4.5: Partial 'H NMR spectra of AHn-octylH-pyridyluiethanimlne ligand 
during the polymerisation of McOPEG-MA in toluene-* at 25 ”C 
using 3 equivalents of ligand to CuBr.
F igu re 4 .5  sh o w s  the ev o lu tion  o f  the cop p er co m p lex  during p o ly m erisa tio n  o f  
M eO P E G -M A  at 2 5 °C  in toluene-</8. F irstly  it is noted  that o n ly  o n e  se t o f  reso n a n ces  
is  o b serv ed  for the ligand  ev en  though it is present in  e x c e s s , su p p ortin g  ou r b e l ie f  o f  
rapid e x c h a n g e  b etw een  co m p lex ed  and n o n -co m p lex ed  ligand . A  con tin u ou s  
b road en in g  o f  the arom atic p eak s is  ob served  upon in crea sin g  p o lym erisa tion
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co n v ersio n . T h is  can be ascribed  to a d ecrease in m o b ility  o f  the co m p lex , as the 
v isc o s ity  in creases, resu ltin g  in the e ffic ien t relaxation  e ffe c t  d escrib ed  above. 
B road en in g  due to the accu m u lation  o f  param agnetic C u (Il) sp e c ie s  in the m edium  
can  b e  ruled out as exp lan ation  as the other peaks (e.g. to lu en e) d o  not alter in this 
w ay .
W h en  p o ly m er is in g  M M A  initiated b y  M eO P E G -I45, the in crease o f  b road en in g  with  
the c o n v ersio n  is still observed . F igure 4 .6  sh o w s a se lec tio n  o f  'H N M R  spectra  
recorded  during the LRP o f  M M A  initiated b y  M eO P E G -I45  at 5 0 °C , w ith  a ratio 
C u (I)B r /L  =  1/2. In th is ca se , h ow ever , o n e  can n o tice  the appearance o f  free ligand  
(8 .5 2  pp m ) after 4%  con version .
Figure 4.6: Partial 'H NMR spectra of /V-(/i-octyl)-2-pyridylmethanimine ligand 
during the polymerisation of MMA initiated by MeOPEG-I45 in 
toIuene-</8 at 50°C using 2 equivalents of ligand to CuBr.
137
Chapter 4 Mechanistic approach to the
polymerisation: Solvent effects.
In the c a se  o f  the p o lym erisa tion  o f  M M  A  in itiated  b y  M e O P E G -In 3 at 9 0 °C , the 
com b in a tio n  o f  h igh er v isc o s ity  due to  a b ig g er  m acroin itiator and h igh er tem perature  
resu lted  in h ig h ly  broad sign a ls, up to a con v ersio n  o f  90%  (s e e  figure 4 .7 ) . W e  
o b serv ed  then  the lo s s  o f  co m p lex  w ith  tim e, and after 7 hours, o n ly  free ligand  w as  
present.
Figure 4.7: Partial 'H NMR spectra of yV-(/,-octyl)-2-pyridylmethanimine ligand 
during the polymerisation of MMA initiated by MeOPEG-Ill3 in 
toIuene-</8 at 90°C using 2 equivalents of ligand to CuBr.
From  th ese  ob serva tion s, it appears that w h en  u sin g  an alkyl e th er-b ased  sp e c ie s  in 
so lu tio n , the co m p lex a tio n  o f  the ligand w ith  cop p er is in co m p etitio n  w ith  the 
p o ss ib le  co m p lex a tio n  o f  the a lkyl ether group. W e o b serv e  that ( i)  the in crease  o f  the
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solution viscosity slow down the whole complex giving a weak and broad signal and 
(ii) some free ligand appears. This is coherent with the previous observation made on 
the complex by itself: the alkyl ether species might replace the ligand on 
complexation on copper.
4.2.3. Effect of water on copper-mediated T.KP
Water has been shown to be an efficient solvent for LRP, but needs an appropriate 
choice of reaction conditions (see chapter 3). However, as the complex seemed to be 
influenced by the presence of water, the behaviour of the catalyst in aqueous media 
was investigated in more details.
4.2.2.1. Stability o f  the catalyst complex towards hydrolysis.
The stability of both the catalyst complex and ligands towards hydrolysis under the 
polymerization conditions is of interest as it is necessary to have a stable catalyst 
during the polymerization. Synthesis o f M(«-alkyl)-2-pyridylmethanimine ligands 
involves a condensation reaction with the evolution of water (see experimental 
section) such aliphatic imines can be hydrolytically unstable with addition of water 
reversing the equilibrium back to aldehyde and primary amine. However, in the 
present case both the catalyst complex and ligands are stable in water, under ambient 
conditions. Catalysts based on a range of AH«-alkyl)-2-pyridylmethanimine ligands, 
L, and copper(I) bromide were used throughout this study (Figure 1), in ratios of 
[L]/[CuBr] of 3 to 1. 40 Catalyst stability under polymerisation conditions was 
followed by ]H NMR spectroscopy in D20  recording spectra every 15 mins, under an 
inert atmosphere. When lV-(«-Octyl)-2-pyridylmethanimine is used, the complex acts
139
Chapter 4 Mechanistic approach to the
polymerisation: Solvent effects.
as a surfactant w ith  a h ydrophilic  m eta lated  head group and h yd rop h ob ic  C - 8  chain. 
T h is resu lts in an in h om ogen eou s reaction m ixture u n su itab le  for e ffic ie n t  
p o ly m eriza tio n . W h en  the alkyl chain  is shortened  to C -5 , N-(n-p en ty l)-2 -  
p yrid y lm eth an im in e , a w ater in so lu b le  cop p er co m p lex  is form ed , as ob served  b y  o ily  
d rop lets d isp ersed  in the aqueous m edium . W ith C -3 and C -2  alkyl groups, N-(n- 
p r o p y l)-2 -p yrid y lm eth an im in e and A ^-(«-ethyl)-2-pyridylm ethanim ine, C uB r  
c o m p le x e s  lead  to  h o m o g en eo u s dark-brow n aq u eou s so lu tion s.
F o llo w in g  th ese  ob servation s iV -(rt-propyl)-2-pyridylm ethanim ine w a s used  for all 
further w ork. A t 2 5  °C  no d eco m p o sitio n  o f  b is(A -(n -p ro p y l)-2 -
p yrid y lm eth an im in e)cop p er(I) is ob served  after 1 0  hours in w ater under am bient 
co n d itio n s  w ith  no ch an ges in the 'H  N M R  spectrum , F igure 4 .8 .
Figure 4.8: Selection of 'H NMR (400 MHz) spectra of the bis(N-(«-Propyl)-2- 
pyridylmethanimine) copper(I) complex in D20  recorded every 15 
mins under Nitrogen at 25 °C.
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At 50°C the complex begins to decompose after approximately 1 hour, releasing free 
ligand after 100 mins, Figure 4.9. The free ligand is stable towards hydrolysis, even at 
50 °C, as seen by the lack of a peak at low attributable to an aldehyde proton. The 
formation of a red/orange precipitate accompanies the release of ligand, suspended in 
a slightly blue solution. Copper(I) is not generally stable in aqueous solution usually 
disproportionates to Cu(0) and Cu(II).105 This disproportionation is thought to occur 
following the displacement of the bidentate N donor ligands on co-ordination of water 
to give the thermodynamic product. At 50°C exchange of both ligands occurs forming 
Cu(I)aq which disproportionates precipitating Cu(0) leaving Cu(H20 )62+ in solution. 
At 25°C there is insufficient kinetic driving force for both diimine ligands to be 
displaced leading to a dynamic equilibrium. 214 Thus, the polymerisations were carried 
out at 25 °C, under the decomposition temperature. It is also important to note that 
precipitation of insoluble metal residues is possible by a simple heat treatment 
offering a potential route for isolation of product from catalyst.
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Figure 4.9: Selection of the aromatic area of ‘H NMR (400 MHz) spectra of the 
bis(N-(n-Propyl)-2-pyridylmethanimlne)copper(I) complex in D20  
recorded every 15 mins under Nitrogen at 50 °C.
B is(A H rt-p rop yl)-2 -p yrid y lm eth an im in e)cop p er(I) is su rp risin gly  stab le in aq u eou s  
so lu t io n  at am b ien t tem perature. H yd ro lysis  o f  th e co m p lex , but not the ligand, occurs  
at 5 0 °C  o v e r  a short tim e period  precip itating in so lu b le  cop p er  sa lts  from  so lu tion . 
D u rin g  th e p o lym erisa tion , h ow ever, w e  ob served  an increase in  rate ( s e e  part 3 .2 .)  as  
n o tic e d  in p resen ce  o f  a lkyl ether groups. Furtherm ore, the sem ilo g a r ith m ic  p lot 
sh o w e d  an orig in a l behaviour, w ith  kp[Pn*] in creasin g  during the reaction  (part 3 .2 .2 ., 
figu re  3 .1 6 ) . A  parallel can  be estab lish ed  b etw een  this ob serv a tio n s and the cata lyst  
b eh a v io u r  in p resen ce  o f  a lk y l ether groups (part 4 .2 .1 .):  a ch an ge  co u ld  occu r  in the 
nature o f  the ca ta lyst co m p lex . C om p etition  b etw een  co-ord in a tion  o f  both ligand, 
w ater  an d /or m on om er ch an ges the p o sitio n  o f  the C u(I) /  C u (II) eq u ilib r iu m  resu lting
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in an increase in the overall rate of polymerisation. These effects are observed in each 
polymerisation reaction irrespective of the concentration of Cu(I) and Cu(II). In the 
extreme case we see the reaction stopping due to the loss of the catalyst from the 
system.
4.3. Potential polarity effect o f the reaction medium.
An alternative explanation to the enhancement of the reaction is the increase of the 
polarity of the medium. The presence of alkyl ether in the polymerisation medium 
might increase the polarity of the solution, which might have a marked influence on 
the stability of the reactants/intermediates involved in the events typical of the 
transition-metal mediated living radical polymerisation process, e.g. the 
activation/deactivation process. Charge separation in the transition-state would be 
stabilised by an increase in polarity of the medium. In the present case higher rate 
coefficients for activation and lower rate coefficients for deactivation would explain 
the observed increase in the overall rate of polymerisation. Enhanced rate coefficients 
of activation upon increase of solvent polarity have been found by Chambard et a/.215 
for poly(butylacrylate) macroinitiators using 4,4’-di-«-heptyl-2,2’-bipyridine, which 
can be explained by a change in catalyst structure and/or the above elucidated change 
in energy levels. Contradictory results, however, were found for poly(styrene) 
macroinitiators215.
Solvent polarity is often characterised by dielectric constants, refractive indexes, or 
dipole moments. As the interactions between solvent and solute are not taken into 
account in these cases, empirical methods to determine solvent polarity have been
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developed. One of these approaches is the use o f solvatochromie dyes for which the 
absorption or emission band maxima shift according to the polarity of the medium in 
which they are dissolved.216’221
Figure 4.10: Structure of the solvatochromie dye Nile Red.
In the present case, Nile Red (Figure 4.10) was considered in order to investigate the 
change in polarity for different polymerisation solutions. Amongst positively 
solvatochromie dyes, Nile Red presents one of the largest bathochromic shifts known: 
when dissolved in increasingly polar media, the wavelength o f its visible absorption 
maximum (Knax) moves to longer wavelengths (lower energies). Thus, on changing 
solvent from water to pentane, a change in o f 110 nm is observed.222 
Nile Red has been used to determine the polarity o f conventional solvents and binary 
mixtures222’225 of supercritical fluids,222-226 ionic liquids,222 and used to probe the 
microenvironment o f polymers,225 xerogels, 228 liquid crystals,2»  and zeolites.25« it 
has also been incorporated, as the sensing element, into fibre-optic devices capable of 
identifying and quantifying a range of organic vapours.251-252 
Polarity measurements were undertaken in a range of different media including the 
polymerisation medium of BzMA, as studied in part 4.2.1. Nile Red concentration was
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chosen so that absorbance would stay in the 0.5 to 1.0 range. This was achieved by 
preparing a stock solutions of Nile Red in the different solvents of interest («-hexane, 
toluene, ethylene glycol diethyl ether, water) or monomer (BzMA) and diluted 
accordingly. Table 4.1 presents the different results obtained by UV spectroscopy for 
the wavelength of its visible absorption maximum (Xmax) and the corresponding 
energy Enr.
Xmax / nm E n r  “
Water 593.2 201.7
Benzyl methacrylate (BzMA) 535.1 223.6
MeO(PEG)MA/toluene (50/50) 533.6 224.2
1,2-Diethoxy ethane/BzMA (50/50) 532.0 224.9
BzMA/toluene (50/50) + 0.9 M MeO(PEG)I 531.0 225.3
BzMA/toluene (50/50) 530.4 225.5
P(BzMA)/toluene (50/50) 530.2 225.6
Diethyl ether ethylene glycol 522.3 229.0
Toluene 521.5 229.4
«-Hexane 484.4 247.0
8 E n r  = (h*c*Na / X ^ )*  106 kJ mol'1
Table 4.1. Xmax and ENr for Nile red in different media.
These results give information about the relative polarity of the media considered in 
this study and seems relevant when compared to the values of £ nr observed in the 
polarity table generated by Deye et al.222 Furthermore, it confirms the relationship 
between the overall rate of polymerisation and the polarity of the medium: As expected,
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the media of highest polarity present the highest polymerisation rate, water appearing to 
be the ‘fastest’ solvent.
4.4. Conclusion.
The solvent effect of alkyl ether and water on copper mediated living radical 
polymerisation has been investigated. The enhancement of the reaction rate seems to 
be due to the possible competition between the components and the ligand on the 
copper catalyst, modifying the activation/deactivation equilibrium of the copper 
complex. An alternative explanation was considered, as the influence of the polarity 
of the medium on the reactive bond Copper-Bromide. An increase of polarity would 
weaken this bond, increasing the concentration in active species and therefore the rate 
of the polymerisation.
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3D schematic of poly(MeOPEG-MA) initiated by (a) phenyl-2-bromoisobutyrate, (b) octadecyl-2-bromoisobutyrate, (c) a- 
perfluoroalkyl-2-bromoisobutyrate, (d) PMMA and (e) PMMA-ft-MeOPEG.
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5.1. Introduction.
A s seen  in chapter 1, liv in g  radical p o lym erisa tion  is a tech n iq u e o f  c h o ic e  for the  
sy n th esis  o f  w e ll-d e fin e d  architecture p o lym ers. It has b een  dem onstrated  in the  
p rev iou s chapters that cop p er m ed iated  LR P can be undertaken u sin g  p o ly e th y le n e  
g ly c o l)-b a se d  m on om ers or m acroinitiators. M oreover, our group as d e v e lo p ed  an 
e ff ic ie n t procedure to sy n th esise  m ethacrylate p o lym ers in a liv in g  m anner, u sin g  the 
cop p er-b ased  sy stem  p rev io u sly  d efin ed . 40  A s  PEG  is a w e ll-k n o w n  crysta llin e  
p o lym er, w id e ly  u sed  as surfactant due to its h yd rop h ilic  properties, it w a s  in teresting  
to a sso c ia te  it w ith  a d ifferent p o ly m er  type. P M M A , an am orphous and hyd rop h ob ic  
p o lym er, w a s ch o sen , as both  p o lym ers are reported to be co m p atib le  (m isc ib le  in the 
so lid  state ) . 233  234  T he u se  o f  M eO P E G  as m acroin itiator or m acrom on om er in flu en ced  
the structure o f  the resu lting  cop o lym er. In the first ca se , an A B  linear b lock  
co p o ly m e r  w a s obtained , w h ile  the seco n d  ca se  led  to an A B  graft b lock  cop o ly m er  
(the p o ly m erisa tio n  o f  M eO P E G -M A  results in  a graft p o lym er, w ith  a m ethacrylate  
b a ck b o n e), as sch em a tise  in figure 5 .1 .
^ ^  Methacrylate repeating unit 
O Ethylene glycol repeating unit
Figure 5.1: Schematic of the various block PMMA-A-MeOPEG copolymers 
studied in this chapter.
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This final chapter reports the study of various physical properties of the products 
previously synthesised. Firstly, the thermal properties of the block and graft polymer 
were compared, then the modification of the surface properties of PMMA was 
investigated by incorporation of PEG blocks, and finally aggregates properties of PEG 
based polymers in aqueous media were considered.
5.2. Thermal properties.
In order to test the thermal properties, thermogravimetry analysis (TGA) and 
differential scanning calorimetry (DSC).
5.2.1. Thermogravimetrv.
5.2.1.1.PMMA containing block copolymers.
TGA was used to test the influence of a MeOPEG block on the thermal stability of the 
PMMA. Compounds including a linear and graft MEOPEG block were also 
compared.
The thermogravimetry analysis of PMMA showed a decomposition in two steps 
(Figure 5.1). A loss of 10% was first observed around 300°C, then the polymer 
decomposed totally at 400°C. This first loss of weight has also been observed on 
similar polymers, synthesised by copper mediated LRP.23S>236 This was ascribed to the 
loss of methyl bromide followed by the cyclisation of the two final units to give a 
lactone end group. On the other hand, MeOPEG-Im was slightly more stable, and 
decomposed totally in one step, at 450°C (Figure 5.2).
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Figure 5.2: Thermal decomposition of PMMA and MeOPEG-Iu3.
F o llo w in g  th ese  ob serv a tio n s, o n e  w o u ld  e x p e c t a th ree-step s d ec o m p o sitio n  for a 
P M M A -b -M eO P E G  co p o ly m er , corresp on d in g  r e sp e c tiv e ly  to  th e ch a in -en d  group , 
P M M A  and M eO P E G  b lock s. H o w ev er , T G A  m easu rem en ts ex h ib ited  o n ly  tw o  
step s , in  a sim ilar  w a y  as th o se  o b serv ed  for  the P M M A  h o m o p o ly m er . F igure 5 .3  
sh o w s  the T G A  o f  variou s P M M A -A -M eO P E G m  p o ly m ers , w ith  d ifferen t P M M A  
ch a in  len g th s . In ea ch  ca se , th e first lo s s  appeared  m ore im portant (1 5 -2 0  % w t/w t)  
than th e o n e  o b serv ed  o n  P M M A  h o m o p o ly m er  and hap p en ed  at a lo w e r  tem perature  
(2 8 0 ° C ) . T h e se c o n d  step  corresp on d s to the total d ec o m p o sit io n  o f  the p o lym er; the  
d e c o m p o sit io n  o f  the m eth acry la te  ch a in  in itia tes th e M eO P E G  b lo ck  o n e , lead in g  to  
a o n e  step  d e c o m p o sit io n . U p o n  variation  o f  th e length  o f  the P M M A  b lo ck , n o  
ch a n g e  w ere  ob served .
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Figure 5.3: Thermal decomposition of PMMA, MeOPEG-Im and PMMA-A- 
MeOPEGiu block copolymers with various PMMA molecular 
weight.
In order to  v e r ify  the in flu en ce  o f  th e  M eO P E G  b lo ck , the sam e a n a ly s is  w ere  carried  
ou t w ith  M e O P E G i2 and p o ly (M e O P E G -M A ) in the c o p o ly m e r  (F igu re  5 .4 ). T he  
c o p o ly m e r  co n ta in in g  th e M eO P E G i2 b lo ck  b eh aved  sim ila r ly  as the P M M A  
h o m o p o ly m er , p rob ab ly  d u e to th e sm all s iz e  o f  th e m acroin itia tor. H o w ev er , w h en  
co m p a r in g  tw o  PEG  ch a in s o f  sim ilar  s iz e  but d ifferen t structure, th e tw o -step  
d e c o m p o sit io n  o ccu red  at the sa m e  tem perature, but th e first w e ig h t lo s s  w a s  m ore  
im portant for th e M e O P E G -In 3 co n ta in in g  c o p o ly m e r  (20% ) than for the p o ly m er  
c o n ta in in g  p o ly (M e O P E G -M A ) (15% ) or the P M M A  h o m o p o ly m e r  (10% ).
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Figure 5.4: Thermal decomposition of PMMA100, PMMAIOo-b-MeOPEGi2, 
PMMA,oo-b-MeOPEGi,3 and PMMA,oo-A-poly(MeOPEG-MA) 
block copolymers.
T h e c lo s e  b eh a v io u r  o f  P M M A -6 -p o ly (M e O P E G -M A ) w ith  P M M A  can b e  ex p la in ed  
b y  th e s im ila r ity  in their structure, as p o Iy (M eO P E G -M A ) b a ck b on e is  a m eth acrylate  
ch a in . T h e  d ec o m p o sit io n  in itia lised  b y  th e  P M M A  ch a in s p rop agates through  the  
m eth acry la te  b a ck b o n e  o f  p o ly (M e O P E G -M A ), w h ich  in itia tes  the d ec o m p o sit io n  o f  
th e e th y le n e  g ly c o l pendant ch a in s, a s d escr ib ed  a b o v e . T h e first w e ig h t lo ss  w a s  
h o w e v e r  n o t fu lly  un d erstood .
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5.2.1.2.Poly(MeOPEG-MA) containing polymers.
T h e in flu e n c e  o f  the in itiator o n  th e therm al sta b ility  o f  p o ly (M e O P E G -M A ) w as  
tested  b y  m easu rin g  the T G A  o f  the p o Iy (M eO P E G -M A ) co n ta in in g  products  
sy n th e s ise d  in ch ap ter 3 (F igu re  5 .5 ). A  s in g le  step  d ec o m p o sit io n  w a s  ob ta in ed , in 
con trast to  th e T G A  o f  P M M A  p re v io u sly  o b serv ed . T h is c o u ld  ju s tify  the h y p o th esis  
o f  the lo s s  o f  m eth y l brom ide w ith  form ation  o f  la c to n e  b etw een  th e tw o  last 
rep eatin g  u n its in the c a se  o f  P M M A , as in  th e  p resent c a se  th e steric  h indrance o f  the  
p oten tia l le a v in g  group m ak es th is reaction  m ore d ifficu lt.
Furtherm ore, from  th is  a n a ly sis , it appears that the tw o  m acroin itia tors (O cta d ecy l-  
and ot-p erflu oroa lk y l-2 -b rom oisob u tyra te) h ave  n o  e ffe c t  on  the therm al stab ility  o f  
the p o lym er.
to
COO
O)
o
200
temperature /  °C
4 0 0
Figure 5.5: Thermal decomposition of poly(MeOPEG-MA) with various 
initiators.
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5.2.2. Differential scanning calorimetry.
As MeOPEG is a crystalline polymer and PMMA is amorphous, the thermal 
behaviour of the block copolymer was investigated by DSC. MeOPEG-In and 
MeOPEG-In3 were considered to study the influence of the polyethylene glycol) 
block molecular weight over the copolymer, while varying the molecular weight of 
PMMA. The influence of the nature of the MeOPEG block (linear or graft) was also 
studied.
Table 5.1 gives a summary of the different thermal transition temperatures. PMMA is 
a well-known amorphous polymer, exhibiting a glass transition temperature (Tg) 
around 110°C (a). In the case of high molecular weights (M„ ~ 5,000 g/mol) 
Polyethylene glycol) is a crystalline polymer, showing both crystallisation (Tc = 
37.8°C) and melting (Tm = 62.9°C) temperatures (b). Poly(MeOPEG-MA) with Mn ~
5,000 g/mol can however be considered as a graft copolymer of PMMA (methacrylate 
backbone) and MeOPEG (pendent chains). It was therefore not surprising that it 
exhibited the properties of a semi-cristalline polymer, showing a Tg < -20°C, Tc = - 
13.6°C and Tm = 0.2°C (c).
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Tg T c T m
a PMMA,os 107.0°C - -
b MeOPEG-Ii,3 - 37.8°C 62.9°C
c Poly(MeOPEG-MA) <-20°C -13.6°C 0.2°C
d MeOPEG, 2-A-PMMA, oo 104.2°C - -
e MeOPEG,2-A-PMMA63 90.1°C - -
f MeOPEG i, 3-6-PMMA ,00 35.5°C - -
g MeOPEG, 13-Ô-PMMA200 66.0°C - -
h Poly(MeOPEG-MA)-è-PMMA,oo 41.0°C - -
i Poly(MeOPEG-MA)-&-PMMA200 92.9°C - -
j PMMA / MeOPEG blend 105°C 14.2°C 58.4°C
Table 5.1: Summary of the transition temperatures for the various PMMA-6- 
MeOPEG copolymers.
The block copolymers showed the loss of the semi-crystalline properties of MeOPEG 
(no Tc or Tm observed) by opposition to the blend (d-j). This can be understood by a 
better mix of the two polymers when copolymerised, the PMMA chains influencing 
the structure adopted by the molecules of MeOPEG. This led to a homogeneous 
product, showing only one glass transition. This Tg could be adjusted by varying the 
length of the PEG or PMMA blocks (d, e, f. g): In each case, an increase of the 
proportion of the PEG block resulted in the decrease of the Tg of the copolymer.
The influence of the nature of the MeOPEG chain was also reported: For same blocks 
length, at lower proportion of PMMA (f, h), the influence o f the graft or block PEG 
chains does not influence the Tg of the copolymer (35.5°C in the case of PMMA,0o-6-
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M e O P E G in  and 4 1 .0 °C  for PM M Aio<j-6 -p o ly (M e O P E G -M A ). H o w ev er , w h en  the  
proportion  o f  P M M A  is  in creased  to  a D P  o f  2 0 0 , the tem perature d ropped  from  
9 2 .9 °C  in  th e c a se  o f  p o ly (M e O P E G -M A ) ( i)  to  6 6 .0 °C  for M e O P E G -I iu  (g ). In the  
ca se  o f  th e  P M M A 2o< r-i-p o ly (M eO P E G -M A ), the p ercen tage  o f  m eth acry la te  
b a ck b o n e  w a s m ore im portant than for P M M A 2oo-6 -M e O P E G ii3 , in creasin g  the  
s t iffn e ss  o f  the co p o ly m er . T he form er c o p o ly m e r  n eed ed  therefore m ore en erg y  for  
f le x ib ility  than the latter, resu ltin g  in a h igh er  g la ss  transition  tem perature.
5.3. Su rface  Properties.
5 .3 .1 . S u rface  and Interfacial T e n s io n . 2 3 7 '239
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Figure 5.6: Scheme of the forces applied to molecules in a liquid and at the 
interface air-liquid.
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Surface tension is a measurement of the cohesive energy present at an interface. As an 
equal attractive force in all directions balances the interactions of a molecule in a 
defined phase, molecules situated on the interface experience an imbalance of forces 
(see figure 5.6).
The net effect of this situation is the presence of free energy at the interface. This 
excess energy is called surface free energy and can be quantified as a measurement of 
energy/area. It is also possible to describe this situation as having a line tension or 
surface tension which is quantified as a force/length measurement. The common units 
for surface tension are dynes/cm or mN/m. When one of the phases is the vapour 
phase of a liquid being tested the measurement is referred to as surface tension. If the 
surface investigated is the interface of two liquids the measurement is referred to as 
interfacial tension. In either case the more dense fluid is referred to as the ‘heavy 
phase’ and the less dense fluid is referred to as the ‘light phase’.
Polar liquids, such as water, have strong intermolecular interactions and thus high 
surface tensions. Any factor, which decreases the strength of this interaction, will 
lower surface tension. Therefore as an increase in the temperature of the system or 
any contamination, especially by surfactants, will lower surface tension.
5.3.2. Contact angle measurement.
Contact angles are used as a measure of the wetting interaction between a liquid and a 
solid. Two different approaches are commonly used to measure contact angles of non- 
porous solids: goniometry and tensiometry. Goniometry involves the observation of a 
sessile drop of test liquid on a solid substrate. Tensiometry involves measuring the
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forces o f  in teraction  as a so lid  is  con tacted  w ith  a test liqu id . B oth  tech n iq u es w ere  
u sed  and com pared  w ith  the products syn th esised  in the preced en t parts.
5.3.2. ¡.Contact angle by the Sessile Drop method.
5 .3 .2 .1 .1  .In troduction . 2 4 0 '242
C on tact a n g le  m easu rem en t is a straight forw ard m eth od  for su rface a n a ly sis  related  
to su rface en ergy  and surface ten sion . C ontact a n g le  d escr ib es the shape o f  a liquid  
drop restin g  on  a so lid  surface. B y  d raw ing a tangent lin e  from  the drop sh ap e to  the  
tou ch  o f  the so lid  surface, contact a n g le  is  d efin ed  as the a n g le  b etw een  the tangent 
lin e  and the so lid  surface. T he m easurem ent p rov id es in form ation  to study the  
b on d in g  en erg y  o f  the so lid  surface and su rface ten sion  o f  the liq u id  droplet. D u e to  
the s im p lic ity  o f  th is techn ique and m easurem ent, it has been  broadly  accep ted  in  
variou s research environ m en ts and industries for m aterial su rface a n a ly sis  related to  
w ettin g , ad h esion  and absorption.
Figure 5.7: Different behaviour of liquid on a solid surface.
C on tact a n g le , 0 , is  a quantitative m easure o f  th e w ettin g  o f  a so lid  b y  a liq u id . It is 
d efin ed  g eo m etr ica lly  as the a n g le  form ed  b y  a liquid  at the th ree-p h ase  boundary  
w h ere  a liq u id , gas and so lid  in tersect. It can be seen  from  figu re 5 .7  that lo w  va lu es
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of 0  indicate that the liquid spreads, or wets well, while high values indicate poor 
wetting. If the angle q is less than 90° the liquid is said to wet the solid. If it is greater 
than 90° it is said to be non-wetting. A zero contact angle represents complete 
wetting.
The measurement o f a single static contact angle to characterise the interaction is no 
longer thought to be adequate. For any given solid/ liquid interaction there exists a 
range of contact angles which may be found. The value of static contact angles is 
found to depend on the recent history of the interaction. When the drop has recently 
expanded the angle is said to represent the ‘advanced’ contact angle. When the drop 
has recently contracted the angle is said to represent the ‘receded’ contact angle. 
These angles fall within a range with advanced angles approaching a maximum value 
and receded angles approaching a minimum value.
If the three-phase (liquid/solid/vapour) boundary is in actual motion, the angles 
produced are called Dynamic Contact Angles and are referred to as ‘advancing’ and 
‘receding’ angles. The difference between ‘advanced’ and ‘advancing’, ‘receded’ and 
‘receding’ is that in the static case, motion is incipient whilst in the dynamic case, 
motion is actual. Dynamic contact angles may be measured at various rates of speed. 
Dynamic contact angles measured at low velocities should be equal to properly 
measured static angles.
The difference between the maximum (advanced/advancing) and minimum 
(receded/receding) contact angle values is called the contact angle hysteresis. It has 
been used to help characterise surface heterogeneity, roughness and mobility. For 
surfaces that are not homogeneous there will exist domains on the surface that present 
barriers to the motion of the contact line. For the case of chemical heterogeneity these
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domains represent areas with different contact angles than the surrounding surface. 
For example when wetting with water, hydrophobic domains will pin the motion of 
the contact line as the liquid advances thus increasing the contact angles. When the 
water recedes the hydrophilic domains will hold back the draining motion of the 
contact line thus decreasing the contact angle. From this analysis it can be seen that, 
when testing with water, advanced angles will be sensitive to the hydrophobic 
domains and receded angles will characterise the hydrophilic domains on the surface. 
For situations in which surface roughness generates hysteresis the actual microscopic 
variations of slope in the surface create the barriers which pin the motion of the 
contact line and alter the macroscopic contact angles.
Contact angle can also be considered in terms of the thermodynamics of the materials 
involved. This analysis involves the interfacial free energies between the three phases 
and is given by: 
g lv*cos0  = g „ - g s,
with giv ,gsv and gsi referring to the interfacial energies of the liquid/vapour, 
solid/vapour and solid/liquid interfaces.
The production of drops with advanced and receded edges involves one of two 
strategies. Drops can be made to have advanced edges by addition of liquid. Receded 
edges may be produced by allowing sufficient evaporation or by withdrawing liquid 
from the drop. Alternately, both advanced and receded edges are produced when the 
stage on which the solid is held is tilted to the point of incipient motion. By using an 
instrument with high-speed image capture capabilities, shapes of drops in motion may 
be analysed (Figure 5.8).
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R e ced ed  a n g le A d v a n ced  a n g le
Figure 5.8: Example of a drop in motion, showing the advanced and receded 
angles.
G o n io m etry  can  b e  u sed  in m a n y  situ a tion s w h ere  te n sio m etry  can n ot. A  great variety  
o f  so lid  su b strates can  be u sed , p rov id ed  th ey  h a v e  a r e la tiv e ly  fla t portion  fo r  testin g  
an d  can  fit o n  th e sta g e  o f  th e instrum ent. S u b strates w ith  regu lar curvature, such  as 
co n ta ct le n se s  are a lso  e a s ily  an a lysed .
T e stin g  can  be d o n e  u sin g  v ery  sm all q u an tities o f  liqu id . It is a lso  e a s y  to  test h igh  
tem perature liq u id s su ch  as p o ly m er  m elts .
T h e  a ss ig n m e n t o f  the tan gen t lin e  that w ill  d e fin e  the con tact a n g le  is  a factor that 
can  lim it th e rep rod u cib ility  o f  con tact a n g le  m easu rem en ts. C o n v en tio n a l g o n io m etry  
r e lie s  o n  the c o n s is te n c y  o f  the operator in th e  a ss ig n m en t o f  th e tan gen t lin e . T h is  can  
lead  to  s ig n ific a n t error, e sp e c ia lly  su b jec tiv e  error b etw een  m u ltip le  u sers  
T h e co n d itio n s  that p rod u ce ad van ced  and reced ed  a n g le s  are so m e tim e s  d iff ic u lt  to  
rep rod u ce. A lth o u g h  drop s in  m o tio n  can  p rod u ce data o n  d y n a m ic  co n ta ct a n g le s  the  
v e lo c ity  o f  m o tio n  ca n n o t b e  co n tro lled . It is  a lso  le s s  su ited , w h en  com p ared  to  
ten sio m etry , to  a n a ly s is  o f  the e ffe c ts  o f  w ettin g  o n  c h a n g e s  in  con tact a n g le . In
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addition the amount of surface sampled for each measurement is limited and multiple 
measurements should be used to characterise a surface. Fibbers are not easily studied 
by goniometry.
5.3.2.1.2.Measurements
Measurements of the sessile drop were undertaken on block co-polymers of PMMA 
and MeOPEG, the latter being either a linear chain MeOPEG-I or a graft chain 
Poly(MeOPEG-MA). The molecular weights of the PMMA homopolymer and the 
PMMA block in the co-polymer were kept above 10,000 g/mol, in order to avoid 
dissolution of the co-polymer when in contact with water. Measurements were 
undertaken on both freshly spin coated film and 24 hours annealed cast at 140°C 
(above the polymers Tg).
Advanced angle (°) Receded angle (°)
PMMA 75.1 59.3
MeOPEGi2-6-PMMA5o 57.1 39.5
MeOPEGi2-£-PMMAioo 66.7 47.3
MeO(PEG)i 13-6 -PMMAioo 51.0 32.1
MeO(PEG) 113-Ô-PMMA200 60.1 41.8
Poly(MeOPEG-MA)-£-PMMAioo 54.5 27.7
Poly(MeOPEG-MA)-6 -PMMA2oo 62.4 35.1
Table 5.2: Summary of the advanced and receded contact angles measured by 
the sessile drop on freshly cast films.
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From table 5.9, the influence of the molecular weight of the polyethylene glycol) 
chain can be discussed on the freshly cast films: For small initiator chains, only the 
receded angle was changed. This showed that the hydrophilic character of PMMA 
was increased, while the hydrophobicity stayed unchanged (decrease of the receded 
angle from 51.2° to 47.3° while the advanced angle stays around 67°). When 
increasing the chain length of the macro-initiator, the effects on both hydrophobicity 
and hydrophilicity of the resulting co-polymer surface were more obvious: The 
surface appeared less hydrophobic (advanced angle = 51.0°) but more hydrophilic 
(receded angle = 32.1°).
A different effect was observed when changing the structure of the macro-initiator: 
For a PMMA of DP= 100, when using the graft PEG, the hydrophobicity of the 
surface changed less (advanced angle = 54.5° when using poly(MeOPEG-MA) 
against 51.0° when using MeOPEG-Ii 13), while its hydrophilic character was 
enhanced (receded angle = 27.7° when using poly(MeOPEG-MA) against 32.1° when 
using MeOPEG-Iin). The same observations were made for PMMA200 -It seems 
therefore that the graft PEG has a stronger influence on the surface than the linear 
PEG. This can be attributed to the similarity in structure of the two methacrylate 
blocks, resulting in a better incorporation of the hydrophilic block in the PMMA 
structure.
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Advanced angle (°) Receded angle (°)
PMMAioo 75.5 60.2
MeOPEG 12-6 -PMMA50 75.7 51.3
MeOPEGi 2-Ô-PMMA100 75.2 57.7
MeOPEGj 13-6-PMMAioo 73.6 53.6
MeOPEG 1 i3-Z>-PMMA2oo 74.6 54.8
Poly(MeOPEG-MA)-6 -PMMAioo 74.2 55.6
Poly(MeOPEG-MA)-6 -PMMA2oo 75.7 55.7
Table 5.3: Summary of the advanced and receded contact angles measured by 
the sessile drop on annealed cast films.
After annealing the film, the products behave in a complete different way (see table 
5.3). The advanced angle of all the products is very close to the PMMA one, while a 
decrease in the receded angle is noticed. No major differences were observed between 
the different structures of the PEG block. It appears therefore that when heated above 
its Tg the products saw its polymer chains mixing together. This is logical with the 
thermal properties already observed above, as PEG and PMMA were found to be 
compatible. The resulting products showed a hydrophobic character unchanged from 
the original PMMA, while their hydrophilicity was increased.
5.3.2.2.Contact angle by the Wilhelmy Technique.
5.3.2.2.1 .Introduction.240-243'246
The tensiometric method for measuring contact angles measures the forces that are 
present when a sample of solid is brought into contact with a test liquid. If the forces
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of interaction, geometry of the solid and surface tension of the liquid are known, the 
contact angle may be calculated. Measurement of the surface tension of the liquid was 
first made using a DuNouy ring. The sample of the solid to be tested was hung on the 
balance and tarred. The liquid is then raised to contact the solid. When the solid 
contacts the liquid the change in forces is detected and the tensiometer registers this 
elevation as zero depth of immersion. As the solid is pushed into the liquid the forces 
on the balance are recorded. The forces on the balance are:
Ftotai = wetting force + weight of probe - buoyancy
The tensiometer has tarred the weight of the probe and can remove the effects of the 
buoyancy force by extrapolating the graph back to zero depth of immersion. The 
remaining component force is the wetting force which is defined as:
Wetting force = g LV * P * cos(0)
with gw is the liquid surface tension, P is the perimeter of the probe and 0 is the 
contact angle. This contact angle, which is obtained from data generated as the probe 
advances into the liquid, is called the advancing contact angle. The sample is 
immersed to a set depth and the process is reversed. As the probe retreats from the 
liquid data collected is used to calculate a receding contact angle. The process will 
appear as shown on figure 5.9.
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v
Figure 5.9: Process of the measurement of advancing (3) and receding (4 ) angle 
using the Wilhelmy technique.
The evolution can then be followed as a graph of force/wetted length vs. depth of 
immersion (see Figure 5.10).
Figure 5.10: Graph of force/wetted length vs. depth of immersion.
Firstly, the sample is above the liquid and the force/ length is set to zero (1). When the 
sample hits the surface with a contact angle < 90° (2), the liquid rises up causing a 
positive force. The sample is then immersed, resulting in the buoyant force to 
increase, which causes a decrease in the force on the balance (3). The forces measured
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are the one of the advancing angle. After having reached the desired depth the sample 
is pulled out of the liquid (4). The forces are then measured for the receding angle.
The use of tensiometry for measurement of contact angle has several advantages over 
conventional goniometry. At any point on the immersion graph, all points along the 
perimeter of the solid at that depth contribute to the force measurement recorded. 
Thus the force used to calculate 9 at any given depth of immersion is already an 
averaged value. An averaged value can be calculated for the entire length of the 
sample or average any part of the immersion graph data to assay changes in contact 
angle along the length of the sample. Hysteresis, the difference between advancing 
and receding angles, is very easy to determine using this method. By using multiple 
cycles it is possible to identify variations in surface structure and notice adsorption 
phenomena.
There are two major limitations for the application of this technique. Firstly the user 
must have enough of the liquid being tested available so that he can immerse a portion 
of his solid in it. Secondly the solid sample must be formed in a regular geometry 
such that it has a constant perimeter over a portion of its length. This is easily 
achieved when coating the product on a well-known shape support, keeping the same 
surface on all sides which contact the liquid.
5.3.2.2.2.Measurements.
Film of non-annealed copolymers were observed to degrade through the dipping 
cycles and resulted in non-reproducible results. However, annealed sample gave better 
hysteresis (see figure 5.11) and were the only ones taken into account for the 
discussion.
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Figure 5.11: Example of contact angle hysteresis loops for water on MeOPEGn- 
6 -PMMA50 cast on glass slide measured by the Wilhelmy technique.
T ab le  5 .4  g iv e s  a sum m ary o f  the con tact a n g les  m easu red  for variou s products. 
O vera ll, th e  a n g les  are found s lig h tly  sm aller  than in the ca se  o f  the se s s ile  drop  
m eth od , but the sam e trend is kept: W h ile  the ad van cin g  a n g le  is c lo se  to the P M M A  
o n e , the reced in g  an g le  is s lig h tly  sm aller, s ig n  o f  an in crease o f  the h y d ro p h ilic ity  o f  
the surface.
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Advancing angle (°) Receding angle (°)
PMMAioo 75.5 60.2
MeOPEGi2-6 -PMMA5o 70 51
MeOPEG 12-6 -PMMA i oo 69 53
MeO(PEG) 113-6 -PMMA i oo 72 44
MeO(PEG)i 13-Ô-PMMA200 71 48
Poly(MeOPEG-MA)-Z>-PMMAioo 73 49
Poly(MeOPEG-MA)-6 -PMMA2oo 71 52
Table 5.4: Summary of the advancing and receding contact angles measured by 
the Wilhelmy technique on annealed cast films.
As a conclusion, both sessile drop and Wilhelmy technique were found to give 
accurate results concerning the surface properties of the copolymers films.
5.4. Aggregate properties.
Certain molecules may be said to contain two distinct components, differing in their 
affinity for solutes. The part of the molecule that has an affinity for polar solutes, such 
as water, is said to be hydrophilic. The part of the molecule that has an affinity for 
non-polar solutes, such as hydrocarbons, is said to be hydrophobic. Molecules 
containing both types of components are said to be amphiphilic.
Such molecules display distinct behaviour when interacting with water. The polar part 
of the molecule ‘seeks’ to interact with water while the non-polar part ‘shuns’ 
interaction with water. There are two ways in which such a molecule achieves both 
these states.
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An amphiphilic molecule can arrange itself at the surface of the water such that the 
polar part interacts with the water and the non-polar part is held above the surface 
(either in the air or in a non-polar liquid) as shown below. The presence of these 
molecules on the surface disrupts the cohesive energy at the surface and thus lowers 
the surface tension. Such molecules are called ‘surface active’ molecules or 
surfactants.
Another arrangement of these molecules can allow each component to interact with its 
favoured environment. Molecules can form aggregates in which the hydrophobic 
portions are oriented within the cluster and the hydrophilic portions are exposed to the 
solvent. Such aggregates are called micelles.
The proportion of molecules present at the surface or as micelles in the bulk of the 
liquid depends on the concentration of the amphiphile. At low concentrations 
surfactants will favour arrangement on the surface. As the surface becomes crowded 
with surfactant more molecules will arrange into micelles. At some concentration the 
surface becomes completely loaded with surfactant and any further additions must 
arrange as micelles. This concentration is called the Critical Micelle Concentration 
(CMC). In the present study, until evidences of micelles presence is given, this 
concentration would be considered as the critical aggregate concentration (CAC).
It has been seen in introduction that polyethylene glycol) shows interesting surfactant 
properties. As poly(MeOPEG-MA) present an hydrophobic methacrylate backbone 
and hydrophilic pendant PEG chains, it should exhibit amphiphilic properties. In order 
to enhance and test these properties, the hydrophobic character of the graft polymer 
was increased by introduction of hydrophobic initiators. Therefore, block copolymers 
were formed showing an enhanced hydrophobic block with an alkyl chain of 18
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carbon atoms, a fluorinated chain of 12  fluorinated carbon atoms and a PMMA50 
oligomer (Mn = 5,000 g/mol). In order to test the difference in behaviour of the graft 
and linear PEG chains, the latter product was also compared to a PMMA50-6 - 
MeOPEGm copolymer (See chapter 5-2). Figure 5.12 summarises the products of 
interest.
Figure 5.12: Surfactants molecules synthesised in the previous chapter and tested 
in the present study: Phenol ester poly(MeOPEG-MA) (A), 
Octadecyl-2-bromoisobutyrate po!y(MeOPEG-MA) (B), a- 
perfluoroalkyl-2-bromoisobutyrate poly(MeOPEG-MA) (C), 
PMMA5o-6-poly(MeOPEG-MA) (D) and PMMA50-6-MeOPEG-Ii13 
(E). The grey bonds represent the hydrophilic block.
As (D) and (E) were not directly water soluble, the solution were prepared by 
dissolving the block copolymers in THF (1 wt%) and dispersing the organic solution 
in water (changing the concentration from 1 g/1 to 10'6 g/1). In the case of (D), as soon 
as water was added, the copolymer precipitated. The same process was unsuccessfully
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repeated  at various con cen tration s in T H F and w ater. T h is n o n -w a ter -so lu b ility  can  be  
ex p la in ed  b y  the sim ilarity  in  the b ack b on e structure o f  P M M A  and p o ly (M eO P E G -  
M A ), as a lready ob served  for the D S C  analysis: T h e product, sh o w in g  a too  strong  
h yd rop h ob ic  character, d o es  not d is so lv e  in water.
S ee  chapter 2 and 3 for the deta ils o f  the syn th esis.
5 .4 .1 , C A C  m easurem ent b y  tensiom etry.
5 .4.1.1 .Introduction.2*0'24'’-249
M easu rem en t o f  surface ten sion  m ay  be u sed  to  find C A C . A  graph o f  su rface ten sion  
vs. lo g  o f  con centration  o f  surfactant added w ill appear a s represented  on  figure 5 .1 3 .
Figure 5.13: Evolution of the surface tension with the surfactant concentration.
In th is graph, three p h a ses are observed: A t very  lo w  con cen tra tion s o f  surfactant o n ly  
sligh t ch an ge in su rface ten sion  is  d etected  (1 ). U p o n  ad d ition  o f  surfactants, the
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surface tension decreases (2). Finally, the surface becomes fully loaded and no further 
change in surface tension is observed (3).
As shown above the technique for assaying CAC by measurement of surface tension 
is simple and straightforward. A graph of surface tension vs. log concentration is 
produced by measuring a series of manually mixed surfactant solution. The CAC is 
found as the point at which two lines intersect; the baseline of minimal surface tension 
and the slope where surface tension shows linear decline.
Many researchers are interested in finding the CAC for surfactants in order to 
optimise detergency and minimize waste. Beyond the calculation of CAC the 
researcher will also produce a graph which shows surface tension across a range of 
concentrations. Data is also produced which shows the change in surface tension after 
mixing and time required to reach equilibrium.
In order to measure the surface tension, the DuNouy ring method was utilised. This 
method consists in the measurement of the interaction of a platinum ring with the 
surface being tested. The ring is submerged below the interface and subsequently 
raised upwards. As the ring moves upwards it raises a meniscus of the liquid. 
Eventually this meniscus tears from the ring and returns to its original position. Prior 
to this event, the volume, and thus the force exerted, of the meniscus passes through a 
maximum value and begins to diminish prior to the actually tearing event. The 
process is shown in figure 5.14.
The ring is firstly kept above the surface as the force is set to zero (1). When the 
ring hits the surface, a slight positive force appears because of the adhesive force 
between the ring and the surface (2). Then, the ring must be pushed through the 
surface (due to the surface tension) which causes a small negative force (3). It
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breaks through the surface and a sm all p o sitiv e  force  is m easured  due to the  
supporting w ires o f  the ring (4 ). W hen  lifted  through the su rface the m easured  
force  starts to increase (5 ) and keep  in creasin g  ( 6 ) until the m ax im u m  force is 
reached  (7 ). A fter  the m axim u m  to be reached , a sm all d ecrea se  o f  the force  is 
ob served  until the lam ella  breaks ( 8 ).
Figure 5.14: Process of surface tension measurement using a DuNouy ring.
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T he ca lcu la tion  o f  surface or interfacial ten sion  b y  th is tech n iq u e is b ased  on  the  
m easu rem en t o f  th is m axim u m  force. T he depth o f  im m ersion  o f  the ring and the leve l 
to w h ich  it is  raised w h en  it ex p er ien ces the m axim u m  pull are irrelevant to th is  
tech n iq u e. T h e orig in al ca lcu la tion s based  on  the ring tech n iq u e w ere  b ased  on  
th eories w h ich  apply  to  rings o f  in fin ite d iam eter and do not co n sid er  an additional 
v o lu m e  o f  liquid  w h ich  is  raised due to the p rox im ity  o f  o n e  sid e o f  the ring to  the 
other. T h is additional liquid  lifted  is d iagram m ed on  figure 5 .1 5  as the shaded  portion.
Figure 5.15: Additional volume of liquid raised due to the proximity of one side 
of the ring to the other (shaded portion).
M ath em atica l correction s w h ich  com p en sa te  for th is extra liqu id  h ave b een  produced  
b y  H uh and M a so n . 249
5.4.1.2.Measurements.
T h e graph surface ten sion  vs. con centration  obtained  did  not sh o w  a c lear en ou gh  
in fle x io n  point for the d eterm ination  o f  the C A C tensi0. T h erefore, a m athem atica l
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s ig m o id  fittin g  w a s ad op ted , and the C A C tensio w a s a ssim ila ted  to  the m a x im u m  o f  the  
se c o n d  d er iv a tiv e  (red cu rve).
F igu res 5 .1 6  to  5 .1 9  sh o w  the su rface ten sio n  vs. con cen tra tion  p lo t for each  product. 
S a m p les  w ith  the lo w e st  con cen tration  in c o p o ly m e r  g iv e  g e n era lly  the su rface  
te n s io n  o f  w ater at 2 5 °C , 7 2 .8  m N /m .
Concentration /  g/|
Figure 5.16: Measurement of the C A C tcnsio of (A )  in aqueous solution by 
tensiometry.
T h e  CACtensio for (A ) and (B )  w e r e  fou n d  to  b e  sim ilar , r e sp e c tiv e ly  0 .0 1 8  g/1 and  
0 .0 1 7  g d  ( s e e  figu re  5 .1 6  and 5 .1 7 ) , cer ta in ly  d u e  to  a to o  sh ort h y d ro p h o b ic  chain  
incorp orated  in to  th e p o ly (M e O P E G -M A ) c o p o ly m ers .
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Figure 5.17: Measurement of the CAC,e„sio of (B) in aqueous solution by 
tensiometry.
W h en  a flu orin ated  ch a in  w a s added , (co m p o u n d  (C ), figu re 5 .1 8 ) , th e C A C ,cnsio w a s  
in crea sed  to  0 .0 7 9  g/1. T h is  w a s  surprising  a cco rd in g  to  our in itia l th ou gh ts, as an 
in crea se  o f  th e h y d ro p h o b ic ity  part o f  the c o p o ly m e r  sh ou ld  d ecrea se  the C A C ,ensio. A  
p oten tia l ex p la n a tio n  co u ld  re ly  o n  (a ) a to o  short h y d rop h ob ic  ch a in  in troduced  b y  
th e zo n y l in itiator an d /or (b ) an im portant p h ase separation  b e tw een  the flu orin ated  
o lig o m e r s  and PE G  ch a in s, ch a n g in g  the eq u ilib riu m  elab oration .
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Figure 5.18: Measurement of the CACtensio of (C) in aqueous solution by 
tensiometry.
F o llo w in g  th e p rev io u s ob serva tion  and in  order to  im p ro v e  (i.e. d ecrea se) the  
CACtensio» a P M M A  b lo ck  w a s  in troduced  in the c o p o ly m er , as a lon ger  and m ore  
P E G -co m p a tib le  h yd rop h ob ic  ch a in  (F igu re  5 .1 9 ). In th is  c a se , the C A C ,ensio v a lu e  
d ecrea sed  n o tic e a b ly  to 0 .0 0 1 4  g/1.
178
Chapter 5 Physical properties o f  the surface
modifier agents synthesised.
Figure 5.19: Measurement of the C A C ,eil5io of (E) in aqueous solution by 
tensiometry.
W h en  com p arin g  the d ecrea se  o f  su rface ten sio n  o f  the four products (figu re  2 .2 0 ) ,
(B )  appears to  in d u ce  the lo w e s t  su rface ten sio n , w ith  th e fa stest d ecrea se  (3 7  m N /m ).
(C ) lead s to  a c lo se  v a lu e  (3 9  m N /m ), w ith  a s lo w e r  drop. (A )  sh o w s  the h ig h est  
su rface  ten sio n  a fter CACtensio (4 8  m N /m ), w h ich  se e m s  lo g ic a l, the product h a v in g  
the sm a lle s t h yd rop h ob ic  group . (E ) lead s to a su rface  ten sio n  o f  4 5  m N /m , w h ich  
appears to  b e  average b y  com p a riso n  to  the oth er prod u cts. In th is latter ca se , the  
p r esen ce  o f  T H F  co u ld  interfere w ith  the actual product aq u eo u s so lu tio n  su rface  
ten sio n .
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Figure 5.20: Surface tension evolution of (A) ( • ) ,  (B) (■ ), (C) (A) and (E) (□ ) in 
function of the concentration in product in solution.
5 .4 .2 . C M C  m easurem ent b y  F lu orescen ce.
5.4.2.1 .Introduction.150'1^
F lu o rescen ce  sp ec tro sco p y  w a s u sed  to determ in e the p resen ce  o f  m ic e lle s  in  the 
products so lu tion s. Pyrene w as u tilised  as a probe w h ich  p referen tia lly  partitions into  
the h yd rop h ob ic  m ic e lle  cores. A s  sh o w n  in figu re 5 .2 1 , the e m iss io n  and ex c ita tio n  
spectra o f  p yren e vary d ep en d in g  on  the surrounding en v iron m en t. In the em iss io n  
spectra , the third in ten sity  peak  is h igh er  w h en  p yren e is in the h yd rop h ob ic  m ic e lle
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core  rather than in w ater. A s  sh o w n  in the exc ita tion  spectra, th e in ten sity  p eak  at 333  
nm  sh ifts to h igher w a v e len g th s  w h en  pyrene is  surrounded b y  a hyd rop h ob ic  
en viron m en t.
X  /  nmem
X  /  nmex
Figure 5.21: Emission (above) and excitation (below) spectra of pyrene changing 
according to its surrounding environment.
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The differences in the emission spectra can be characterised by the intensity ratio o f  
the first and third peaks, I1/I3, where a low I1/I3 indicates the presence o f  micelles. 
Similarly, the excitation spectra can be characterized by the I338.5 /  1333 ratio, where a 
high 1338.5/I333 ratio reflects the presence o f micelles.
The measurements figures show the Ii/I3 and I338.5/I333 ratios plotted as a function o f  
the concentration in polymer. The transition from unimers to micelles can be 
identified by the inflections o f  the plots. The CAC is calculated as being respectively 
the minimum and maximum o f  the second derivative for the plots o f  the Ij/I3 and 
I338.5/I333 ratios vi. the concentration in polymer.
5.4.2.2.Measurements.
The same product as in part 5.4.1 were considered, in order to confirm the tensiometry 
results.
In the case o f  (A), different values were obtained for the emission and excitation 
spectra. While the plot o f I1/I3 gives a CACM, = 0.005 g/1, the plot I338.5/I333 gives 
CACl338.5/l33J 0. 085 g/1. Both values are very different from the CAC determined by
tensiometry (CACtensio = 0.018 g/1), but the emission spectrum seems to give a closer 
result (Figure 5.22).
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Figure 5.22 : Plots of the I 1 / I3  (left) and I338.5/I333 (right) ratios vs. the 
concentration in polymer for (A ).
T h e  sa m e ob serva tion  w a s  m ad e for (B ) , w ith  I1/I3 g iv in g  CACm, =  0 .0 0 0 5  g/1 and  
I3 38  5/I333 g iv in g  CACims/i™ =  0 .0 0 8 5  g/1. In th is c a se , the ex c ita tio n  spectra exp erim en t 
s e e m s  the c lo se s t  to  th e ten siom etry  data (CACtensio =  0 .0 1 7  g /1) (F igu re  5 .2 3 ).
Figure 5.23 : Plots of the I 1 / I 3  (left) and I338.5/I333 (right) ratios vs . the 
concentration in polymer for (B).
W h en  co n sid er in g  (C), the tw o  CAC ca lcu la ted  se e m s  c lo se r  from  ea ch  oth er (CAQ1/1, 
=  0 .0 0 4 7  g /1  and C A C ij„ 5/i„, =  0 .0 1 8 5  g /1, but s till d ifferen t from  the CACtensio =  0 .0 7 9
g/1) (F igu re  5 .2 4 ).
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Figure 5.24: Plots of the I , / I 3 (left) and I338.5/I333 (right) ratios v.v. the
concentration in polymer for (C).
F in a lly , in th e c a se  o f  (E), a better correla tion  in the v a lu e s  w a s  found , w ith  CACm3 =  
0 .0 0 1 7  g/1 and C A C W t o  =  0 .0 0 2 0  g/1. T h ese  v a lu e s  w ere  in g o o d  a greem en t w ith  the
CAC,ensio =  0 .0 0 1 4  g/1 (F igu re 5 .2 5 ).
Concentration / g/ml Concentration / g/ml
Figure 5.25: Plots of the I,/I3 (left) and 1338.5/1333 (right) ratios vs. the
concentration in polymer for (E).
From  th ese  m easu rem en ts, it appears that th e product co n ta in in g  poly(MeOPEG-MA)
g iv e  p o o r  correla tion  b e tw een  the ten sio m etry  and f lu o r e sc e n c e  m eth od . H o w ev er , the
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PMMA-è-MeOPEG-Ii i3 copolymer shows that both methods are consistent and can 
agree with each other. A possible justification of the CAC scatter obtained for the 
poly(MeOPEG-MA) containing copolymers could be either an incompatibility of the 
pyrene probe with the hydrophobic block (more probable in the case of (C), and its 
fluorinated hydrophobic group) or an original behaviour of the aggregates formed.
In both cases, further investigation was necessary. As the size of the aggregates 
formed could be an important parameter to conclude on the validity of the various 
CAC found, dynamic light scattering experiments were undertaken.
5.4.3. Aggregates size measurement bv Dynamic Light Scattering (DLS'l.
In order to investigate further the aqueous behaviour of the different copolymers 
synthesised, the structure of the aggregates were studied by light scattering.
5.4.3.1.Introduction. 254-257
Dynamic Light Scattering (DLS), which is also known as Photon Correlation 
Spectroscopy (PCS) or Quasi-Elastic Light Scattering (QELS), uses the scattered light 
to measure the rate of diffusion of the particles. In a liquid suspension of small 
particles, molecules of the liquid strike randomly the suspended particles making 
them move with what is called a Brownian motion. When the laser light is passed 
through the suspension, some of the light is scattered with a frequency related to the 
speed of the particles. As the smaller particles move faster than the larger one, they 
scatter light at a higher frequency. By measuring and analysing the scattered light 
over time (dynamic light scattering), the size distribution of the suspended particles 
can be determined.
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In the S tok es m od el for m otion  o f  a hard sphere through a v isc o u s  liq u id , the  
resistan ce to  m otion  is related to the shearing force  b etw een  adjacent so lv en t p lanes  
m o v in g  at d ifferen t v e lo c it ie s  (se e  figure 5 .2 6 ). T he sh earin g  force per unit area (FfA) 
at each  slip p a g e  p lane is  d escrib ed  w ith  the fo llo w in g  d ifferentia l equation: 
Fs m  d v  d v  . . .
—  =  —  x —  =  r | x — , w h ere m  is  the m ass, A  is the su rface area, dv /d t is the  
A  A  dt dy
accelera tion , h is the v isc o s ity  o f  the m ed iu m , and d v /d y  is the v e lo c ity  gradient 
across the sh earin g  p lanes.
Figure 5.26: Schematic of the Stokes model for motion of a hard sphere through 
a viscous liquid.
For stick  boundary co n d itio n s, a ssu m in g  that the flu id  layer  adjacent to the particle  
has the sam e v e lo c ity  as the particle, so lu tion  o f  the a b o v e  eq u ation  g iv e s  the total 
force o f  v isc o u s  resistance: Fvis =  6rn iR H(v s), w h ere R H is the p article  radius and v s is 
the lim itin g  stead y  state v e lo c ity  o f  the flu id  w h en  y  b e c o m e s  very  large.
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The proportionality factor in the above expression is defined as the frictional 
coefficient (f = 6 ot|Rh), used to calculate the radius of a particle from the measured 
diffusion coefficient (D) in dynamic light scattering studies.
The radius (RH) of the particle is calculated from the diffusion coefficient (D) via the 
Stokes-Einstein equation, where k is the Boltzmann constant, T is the temperature, h 
is the solvent viscosity, and f  = 67rnRH is the frictional coefficient for a compact
kT kT kTsphere in a viscous medium: D = —  = ---------  R„ = --------
f  67rr|RH 6 miD
By definition then, the DLS measured radius is the radius of a hypothetical hard 
sphere that diffuses with the same speed as the particle under examination. This 
definition is somewhat problematic with regard to visualisation however, since 
hypothetical hard spheres are non-existent. In practice, macromolecules in solution 
are non-spherical, dynamic (tumbling), and solvated. As such, the radius calculated 
from the diffusional properties of the particle is indicative of the apparent size of the 
dynamic hydrated/solvated particle. Hence the terminology hydrodynamic radius.
A typical DLS measurement proceeds as follow: A solid state laser sends a 
monochromatic light beam through a small quartz sample cell. Light is scattered in all 
directions by the molecules in solution. Photons scattered at 90 degrees to the beam 
path are collected by a small lens and transmitted to a photodiode through a 
monomode optical fiber. The photodiode receives the photons and converts them to 
electrical pulses so they can be processed and analysed. Molecules undergoing 
Brownian Motion cause intensity fluctuations in the scattered light intensity due to 
constructive and destructive interference. This fluctuation has a time scale related to 
the speed of the movement of the molecules, and hence, their size. The collection of
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photons into time windows or channels and the subsequent analysis (autocorrelation) 
of this data yields the Translational Diffusion Coefficient (Dt). Once Dt has been 
determined, the Hydrodynamic Radius (RH) can be calculated using the Stokes- 
Einstein equation (see Appendix 4 for details on the mathematical treatment of 
analysis data).
5.4.3.2.Measurements.
All the reported values below are calculated by correlation of the experimental data 
with the mathematical algorithm CONTIN. However, in all cases, it was verified that 
the algorithm NNLS gives similar results.
As the sample (E) needed to be first dissolved in THF, and in order to test the 
influence of this co-solvents on the aggregates sizes, the same treatment was applied 
to all the others sample. Table 5.3 gives a summary of the various results obtained 
with the samples A, B, C, D and E.
The hydrodynamic radii measured for the Poly(MeOPEG-MA)-based polymer appear 
to be too high for the aggregates to be micelles. In the extreme case of 
Poly(MeOPEG-MA), no data were acquired, because of a too high polydispersity of 
the sample. This could be justified by the double behaviour of polyethylene glycol) 
chains which can be hydrophilic or hydrophobic depending on the environment. As 
PEG and PMMA have been shown to be compatible, and the structure of 
poly(MeOPEG-MA) being close to the one of PMMA (same methacrylate backbone), 
it seems logical to expect some copolymers to migrate inside the core, increasing 
therefore the size of the overall particle. Considering the results obtained for the CAC, 
this could justify the difference observed between the tensiometric and fluorescence
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methods: The presence of copolymer inside the core could influence the excitation 
and emission wavelength of the pyrene once migrated in the aggregate. It is however 
remarkable that the fluorine containing polymers shows a hydrodynamic radius lower 
than the ones containing an alkyl chain, probably due to the phase separation between 
fluorine and methacrylate backbone.
In the case of the PMMA-6 -MeOPEGi 13 block copolymer, however, the data obtained 
appeared more encouraging: A hydrodynamic radius of 51.8nm was calculated, value 
more logical for the diameter of micelles, and the PDI of 0.320 was far lower than the 
values previously obtained.
When comparing the hydrodynamic radii of the same products initially dissolved in 
THF, we observed a decrease of size in the case of (B), but an increase for (C). In the 
case of the alkyl hydrophobic chain, this was understood as the solvatation by THF of 
the whole aggregate, resulting in a shrinking, while, in the case of the fluorinated 
chain, THF would only solvate the crown of PEG, increasing the size of the overall 
aggregate.
Water THF (l%wt/wt) /
(0.1%wt/wt) Water (0.1 %wt/wt)
Z (nm) PDI Z (nm) PDI
A Poly(MeOPEG-MA) - - - -
B Octadecyl-ô-Poly(MeOPEG-MA) 161.1 0.385 139.6 0.56
C a-perfluoroalkyl-è-Poly(MeOPEG-MA) 149.8 0.430 163.6 0.61
E PMMAso-è-MeOPEG 113 - - 51.8 0.320
Table 5.5: Summary of the average hydrodynamic radius and PDI for the
different surfactants considered.
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5.5. Conclusion
PEG-6 -PMMA block copolymers were tested on their physical properties, by varying 
the sizes of both chains, and the character of the PEG block (either graft or linear).
In the case of longer PMMA chains, thermal analysis showed that the decomposition 
temperature of the block copolymers were closer to the PMMA one. The products 
appeared homogeneous, as only one Tg was found, decreasing when increasing the 
PEG block size. In both case, the effect of the structure of PEG was neglectable. The 
incorporation of PEG chains in PMMA resulted in an increase in its hydrophilic 
character, more obvious when using a graft PEG block. However, after bringing the 
copolymer above its Tg, this effect was decreased, certainly due to the homogenisation 
of the product.
Blocks copolymers o f equal length of chains were tested as surfactant. While the 
copolymer showing a graft block of PEG was proved to be inefficient (insoluble in 
water), the linear block PMMA-6 -MeOPEG gave a low CMC with micelles of 51.8 
ran.
Various poly(MeOPEG-MA) were also tested on their thermal properties and 
surfactant abilities. While the change of macroinitiator did not affect the 
decomposition temperature, found slightly above the one of PMMA, it varied the 
surfactant properties. In any cases, poly(MeOPEG-MA) products were found to be 
poor surfactants, forming only highly polydispersed aggregates in aqueous solution.
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It has been shown through this study that polyethylene glycol) containing copolymers 
can be synthesised via copper mediated living radical polymerisation. The living 
character of the polymerisations was justified and more or less well-defined polymers 
were obtained.
The on-line in situ ]H NMR experiment was shown to be an easy and accurate method 
to follow the kinetics of polymerisation, and brought multiple information regarding 
the polymerisation process.
In the chapter 2, the polymerisation of MMA on MeOPEG-based macroinitiators has 
been studied. While the kinetic plot observed seem to be the one of a typical living 
polymerisation, SEC analysis showed the presence of non-reacted initiator during the 
reaction. Analysis of the 'H NMR spectra recorded during the reaction, has been 
quantified to determine optimum conditions for living polymerisation. Furthermore 
studies by GPEC confirmed that MeOPEG was a relatively slow initiator for copper 
mediated living radical polymerisation of MMA, leading to relatively high 
polydispersity block copolymers. The poor efficiency of the macroinitiator, the effect 
of the macroinitiator chain length on the catalyst equilibrium and the faster kinetics by 
comparison to a more classic initiators copper-mediated LRP could be explained by 
the macroinitiator structure. As polyethylene glycol) chains are very flexible, the 
active site could be trapped by the ethylene glycol chain, away from the catalyst or the 
monomer. This effect would be even more important for longer chain initiators. When 
the catalyst reaches the active site, it finds itself trapped in the polymer chain. One can 
even imagine the co-ordination of the copper to the macroinitiator chain. This would 
explain the difficulty of the monomer to react with the initiator, due to the steric 
hindrance. We observed indeed the impact of initiator chain length, but noticed the
192
Chapter 6 General conclusion.
absence of effect of temperature and solvent. The final block copolymer showed 
however a hydrophilic group of well known size, and a more or less well-defined 
hydrophobic block. A range of different products with different chain lengths of 
PMMA was then synthesised and purified in order to test their amphiphilic properties. 
In chapter 3, LRP of MeOPEG-MA was shown to be efficient, leading to well defined 
graft water-soluble oligomers, of low molecular weight. Furthermore, water was 
shown to be an interesting solvent for such polymerisation, leading to an improvement 
of the speed o f the reaction, and an evolution in the experimental procedure. 
MeOPEG-MA was then used as monomer in the living radical polymerisation with 
various initiators, in order to synthesis different copolymers showing surfactant 
properties.
Chapter 4 described the study of the solvent effect of alkyl ether and water on copper 
mediated living radical polymerisation, as a model for the effects observed when 
using PEG as initiator or monomer. The enhancement of the reaction rate appeared to 
be due to the possible competition between the components and the ligand on the 
copper catalyst, modifying the activation/deactivation equilibrium of the copper 
complex. An alternative explanation was considered, as the influence of the polarity 
of the medium on the reactive bond Copper-Bromide. An increase of polarity would 
weaken this bond, increasing the concentration in active species and therefore the rate 
of the polymerisation.
Finally, in chapter 5, PEG-6 -PMMA block copolymers were tested on their physical 
properties, by varying the sizes of both chains, and the character o f the PEG block 
(either graft or linear).
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In the case of longer PMMA chains, thermal analysis showed that the decomposition 
temperature of the block copolymers were closer to the PMMA one. The products 
appeared homogeneous, as only one Tg was found, decreasing when increasing the 
PEG block size. In both case, the effect of the structure of PEG was neglectable. The 
incorporation of PEG chains in PMMA resulted in an increase in its hydrophilic 
character, more obvious when using a graft PEG block. However, after bringing the 
copolymer above its Tg, this effect was decreased, certainly due to the homogenisation 
of the product.
Blocks copolymers of equal length of chains were tested as surfactant. While the 
copolymer showing a graft block of PEG was proved to be inefficient (insoluble in 
water), the linear block PMMA-6 -MeOPEG gave a low CMC with micelles of 51.8 
n m .
Various poly(MeOPEG-MA) were also tested on their thermal properties and 
surfactant abilities. While the change of macroinitiator did not affect the 
decomposition temperature, found slightly above the one of PMMA, it varied the 
surfactant properties. In any cases, poly(MeOPEG-MA) products were found to be 
poor surfactants, forming only highly polydispersed aggregates in aqueous solution.
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7.1. General Characterisation.
'H, 13C and 19F NMR spectra were recorded on Bruker ACF 250, DPX 300, ACP 400 
or DPX 400 spectrometers using deuterated solvents obtained from CEA or Aldrich. 
Polymerisation kinetics followed by *H NMR were ran using a Brucker built-in 
kinetics program. Mass spectra were recorded on a Kratos MS 80 or Micromass 
Autospec spectrometer using chemical ionisation (Cl) or electrospray ionisation (El) 
techniques. Elemental analyses were performed on a Leeman Labs CE 440 elemental 
analyser. ICP analysis was performed on a Leeman Labs ICP PS instrument. DSC was 
performed on a Perkin-Elmer Pyris 1 system equipped with a cooling unit. 
Thermogravimetric analysis was performed on a Perkin-Elmer TGA 7 system under a 
nitrogen atmosphere. Infrared absorption spectra were recorded on a Brucker Vector 
22 FTIR spectrometer equipped with a Golden Gate diamond attenuated total 
reflection (ATR) sample platform. Freeze-drying was performed on an Edwards 
Minifast 680. Fluorescence spectra were measured on a Perkin-Elmer LS 50 
luminescence spectrometer thermostated at 25 °C. Surface tension was measured on a 
Nima Technology DST 9005 automated tensiometer. Polymer films were spin coated 
onto glass slides or silicone wafers using a Chemat Technology KW 4A spin coater. 
Dialysis was performed using a Millipore cellulose TFF cartridge with a 1000 g mol'1 
limit.
Molecular weight distribution were measure as follows:
Polymers made by living radical polymerisation were dissolved in THF and the 
solution passed through a short column of activated basic alumina to remove metal 
containing species. Molecular mass analyses were carried out by gel permeation (size 
exclusion) chromatography on a Polymer Laboratories system using THF as the
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eluent at 1.0 mL/min and equipped with a PL autoinjector, a PL-gel 5 pm (50 x 7.5 
mm) guard column, two PL-gel 5 pm (300 x 7.5 mm) mixed-C columns and a 
refractive index detector. Samples were compared against narrow standards of either 
poly(styrene), Mp = 580 to 3.15 xlO6 gmol'1, or poly(methyl methacrylate), Mp = 200 
to 1.577 xlO6 gmol'1, obtained from Polymer Laboratories, except for the methyl 
methacrylate dimer, trimer, and tetramer which were prepared by catalytic chain 
transfer at the University of Warwick.
7.2. Copper mediated living radical polymerisation -  General 
procedure.
7.2.1. Reagents.
Methyl methacrylate (Aldrich, 99 %), benzyl methacrylate (Aldrich, 99 %) were 
passed through a short column of activated, basic alumina to remove inhibitors and 
acidic impurities, degassed by bubbling with dry nitrogen gas for 30 minutes and then 
stored at 0 °C before use. Polyethylene glycol methyl ether methacrylate (Aldrich, 
98 %) was bubbled with dry nitrogen gas for 30 minutes before use. Toluene, ethylene 
glycol diethyl ether and water were degassed by bubbling with dry nitrogen gas for 30 
minutes and kept in sealed flasks under nitrogen prior to use.
7.2.2. Polymerisation procedure.
All polymerisations were carried out using Schlenk apparatus under dry nitrogen. In a 
typical reaction the solid reagents were added to a pre-dried Schlenk tube which was 
sealed with a rubber septum. The tube was evacuated and flushed with nitrogen three
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times so as to remove oxygen and the liquid reagents added via oven dried, degassed 
syringes. All liquid reagents were degassed prior to use by bubbling through with 
nitrogen for at least 15 minutes or were degassed in the Schlenk tube by three freeze- 
pump-thaw cycles. The tube was brought to reaction temperature in a stirred, 
thermostatted oil bath and held for 5 minutes to allow the copper complex to fully 
dissolve before initiator was added. Samples for kinetic data were taken using 
degassed syringes and polymer conversion data obtained by gravimetry. A sample 
was accurately weighed into a pre-weighed aluminium pan and then volatile solvents 
and monomers removed under vacuum in an oven at 60 °C until constant sample 
weight was achieved. For polymerisations involving non-volatile monomers or 
solvents polymer conversions were obtained by integration o f the appropriate regions 
of the *H NMR spectrum. Conversion of methacrylic monomers was also measured 
by gel permeation chromatography using infra-red absorption detection by 
comparison of monomer and polymer peak integrals. The system used chloroform as 
the eluent at 1.0 mL/min and consisted of an LKB HPLC pump, a PL-gel 5 pm (50 x
7.5 mm) guard column, two PL-gel 5 pm (300 x 7.5 mm) mixed-C columns, a Wilks 
Miran 1A-CVFIR absorption detector and a PL EMD 950 evaporative mass detector.
7.2.3. Isolation and purification of polymers.
Polymerisation undertaken for kinetics data were prepared using AT-«-octyl-2- 
pyridylmethanimine ligands, leading to a catalyst complex fully soluble at any 
temperature. Polymers in synthetic experiments were prepared by reactions mediated 
by copper bromide complexed with A-«-propyl-2-pyridylmethanimine ligands. This
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complex was fully soluble in a monomer and toluene solution at reaction temperature, 
but relatively insoluble at room temperature. After the polymerisation was complete 
the solution was cooled to room temperature, the solution filtered over a bed of Celite 
and the polymer precipitated into petroleum ether (40 - 60 °C). After collection and 
drying in air the polymer was redissolved in dichloromethane, the solution passed 
down a column of activated, basic alumina to remove brown and green coloured 
copper containing impurities and the polymer re-precipitated into petroleum ether (40 
- 60 °C). Polymers purified in this way where usually white or pale green in colour 
and contained less than 50 ppm copper by weight (as found by ICP). Polymerisations 
of polyethylene glycol)methyl ether methacrylate were filtered by the same method, 
dissolved in distilled water and submitted to dyalisis using an ultracentrifugation 
cartridge (Millipore, 1000 g/mol limit). Water was removed by freeze drying.
7.2.4. Purification of copper (II halides.
Copper (I) bromide (Avocado, 98 %) and copper (I) chloride (Avocado, 99 %) were 
purified by a method based on that of Keller and Wycoff.258 For example, copper (I) 
bromide (50 g, 0.35 mol) was ground to a fine powder in a mortar and then dilute 
sulphuric acid (2 M, 30 drops) added to make a thick, brown paste. This was dropped 
into a stirred solution of sodium sulphite (2 M, 2 L) to give a fine, white suspension in 
a blue solution of the copper (II) species. The suspension was collected by careful 
vacuum filtration below a nitrogen blanket and the solid was washed with glacial 
acetic acid (250 mL), absolute ethanol (250 mL) and finally anhydrous diethyl ether 
(250 mL) each time ensuring that the level of liquid in the funnel was never allowed 
to sink below the level o f the solid to ensure the minimum of oxygen contact. 41.3 g
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of a cream coloured powder thus obtained was dried at 150 °C under vacuum for 12 
hours and stored in a light proof container. Yield = 82.2 %. Very little green coloured 
impurity could be seen in the product, even after several weeks exposure to air.
7.2.5. Synthesis of ligands.
Synthesis of the range of Schiff base ligands was carried out by a modification of the 
procedure used by Baehr and Doege.259
7.2.5. ¡.Reagents.
Ethylamine (Avocado, 70% in water), «-propylamine (Lancaster, 98 %), 
«-pentylamine (Aldrich, 99 %), «-hexylamine (Avocado, 98 %), «-heptylamine 
(Avocado, 98 %), «-octylamine (Lancaster, 98 %), n-nonylamine (Avocado, 98 %), 
«-octadecylamine (Aldrich, 99 %), ethylene diamine (Aldrich, 9 9  %), 
pyridine-2 -carboxaldehyde (Avocado, 99 %), sodium tetrahydroborate (Aldrich, 
99 %) were all used as received.
7.2.5.2.N-n-Propyl-2-pyridylmethanimine.
An excess of «-propylamine (19.0 mL, 0.25 mol) was added dropwise to a stirred 
solution of pyridine-2-carboxaldehyde (20.0 mL, 0.21 mol) in diethyl ether (20 mL) 
and cooled in an ice bath. On complete addition of the amine dried magnesium 
sulphate (5 g) was added and the slurry stirred for 2  hours at 25 °C. The solution was 
filtered and distilled under reduced pressure to give 30.5 g of product at 4 3  °C 
0.05 mmHg. Yield = 98.2 %.
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*H NMR (CDCU, 298 K, 250 MHz): 8  (ppm from TMS) = 8.63 (d, 1H, Pyr-H), 8.39 
(s, 1H, Pyr-CH=N-), 8.00 (d, 1H, Pyr-H), 7.69 (t, 1H, Pyr-H), 7.27 (t, 1H, Pyr-H),
3.64 (t, 2H, J = 4.4 Hz, -C=N-CH2-), 1.76 (sextet, 2H, J = 4.4 Hz, -CH2-CH2-CH3-), 
0.70 (t, 3H, J = 4.4 Hz, -CH2-CH3).
13C NMR (CDCU, 298 K, 250 MHz): 8  (ppm from TMS) = 161.0 (Pyr-CH=N-),
154.1, 148.7, 135.8, 123.9, 120.5 (Pyr), 62.6 (-C=N-CH2-), 22.3 (-CH2-CH2-CH3-), 
11.3 (-CH2-CH3).
IR absorption: v (cm'1) = 3054, 3009 (Ar C-H str.), 2961-2834 (Alkyl C-H str.), 1651 
(O N str.), 1587,1568,1468,1436 (Ar ring str.).
Mass spectrum: m/z = 149 [M + H].
Elemental analysis: 73.1 %C, 8.2 %H, 18.7 %N; (theoretical; 72.9 %C, 8.2 %H, 
18.9 %N).
7.2.5.3.N-n-Octyl-2-pyridylmethanimine.
Synthesised as above except n-octylamine (18.6 g, 0.14 mol) and 
pyridine-2-carboxaldehyde (10 g, 0.093 mol) were used. The solution was filtered and 
distilled under reduced pressure to give 19.9 g of product at 101 °C, 0.03 mmHg. 
Yield = 97.6%.
*H NMR (CDC13i 298 K, 250 MHz): 8  (ppm from TMS) = 8.61 (d, 1H, Pyr-H), 8.33 
(s, 1H, Pyr-CH=N-), 7.95 (d, 1H, Pyr-H), 7.70 (t, 1H, Pyr-H), 7.27 (t, 1H, Pyr-H),
3.64 (t, 2H, -C=N-CH2-), 1.68 (quintet, 2H, (-C=N-CH2-CH2-), 1.27 (m, 10H, alkyl 
H), 0.83 (t, 3H, -CH2-CH3).
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13C NMR (CDC13) 298 K, 250 MHz): 8  (ppm from TMS) = 161.5 (Pyr-CH=N-)
154.6, 149.3, 136.4, 124.4, 121.0 (Pyr), 61.5 (-C=N-CH2-), 31.8 (-C=N-CH2-CH2-),
30.6, 29.3,29.2, 27.2, 22.5 (alkyl C), 14.0 (-CH2-CH3).
IR absorption: v (cm'1) = 3053, 3008 (Ar C-H str.), 2955-2856 (Alkyl C-H str.), 1650 
(C=N str.), 1587,1568,1468,1436 (Ar ring str.).
Mass spectrum: m/z = 219 [M + H].
Elemental analysis: 76.8 %C, 10.1 %H, 13.0 %N (theoretical; 77.0 %C, 10.2 %H, 
12.8 %N),
7.3. Chapter 2: Amphiphilic block copolymers synthesised by LRP 
with polyethylene glycol)-based hydrophilic initiators.
7.-3.1-_Synthesis of ,(poly(ethylene glycol) methyl etheri^-bromnisnhntyra^ 
tMeOPEG-Iv. X = 12.45. 113V
2 -bromoisobutyryl bromide (Lancaster, 98 %) was stored under dry nitrogen. 
Triethylamine (BDH, 99 %) was stored over sodium hydroxide pellets and 4 A 
molecular sieves for 48 hours and then filtered before use. Anhydrous THF (Romil 
“Hi-Dry”, 99.99 %) were stored over activated 4 A molecular sieves under dry 
nitrogen. All other reagents, unless otherwise stated, were used as received. 
Polyethylene glycol) (Aldrich, 0.5 g (X = 12), 2 g (X = 45), 5 g (X = 113), 1 mmol) 
was dissolved in anhydrous THF (50 mL) with triethylamine (0.21 ml, 1.5 mmol). 2- 
bromoisobutyryl bromide 0.18 mL, 1.5 mmol) was added dropwise under an 
atmosphere of dry nitrogen. The reaction was left for 48 hours at 25 °C before the 
solution was taken up in dichloromethane (100 mL) and washed successively with
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saturated, aqueous sodium hydrogen carbonate solution (3 x 100 mL). The resultant 
organic phase was dried over anhydrous magnesium sulphate and the solvent removed 
under vacuum to give a yellowig liquid for X = 12. In the case of X = 45 and 113, the 
product was precipitated in cold diethyl ether. Yield = 85 % (X = 12), 82 % (X = 45), 
79 % (X = 113).
'H NMR (CDC13, 298K, 300 MHz) 5 (ppm from TMS) 4.27 (t, J  = 4.9 Hz, 2 H, - 
CH2-O-CO-), 3.69 (t, J =  4.9 Hz, 2 H, -CH2- CH2-0-C0 -), 3.59 (m, 48 H (X = 12), 
180 H (X = 45), 452 H (X = 113), (CH2-CH2-0 )X)), 3.41 (s, 3 H, -O-CH3), 1.89 (s, 6  
H, -CH3),
13 C {'H} NMR (CDC13, 298K 100.6 MHz) 8  170.13, 77.09, 67.57, 64.00, 54.78, 
29.68
IR absorption v (cm'1) 2865,1733 (C=0), 1462,1348,1276, 1096, 947, 853, 748 
Elemental analysis: (X = 12) 49.15% C, 8.21% H (theoretical: 49.08% C, 8.10% H)
(X = 45) 53.01% C, 8.92% H (theoretical: 52.74% C, 8.81% H)
(X = 113) 53.80% C, 9.07% H (theoretical: 53.78% C, 9.01% H)
7.3.2. Copper mediated LRP of MMA initiated bv MeOPEG-based 
macroinitiators.
7.3.2. l.Schlenk polymerisation.
A degree of polymerisation, DP-rheo = 100 was targeted CuBr (9.99 x 10"4 mol, 0.1429 
g) was placed in a Schlenk tube and placed under a nitrogen atmosphere. 
Deoxygenated MMA (9.99 x IQ'2 mol, 10.0000 g), toluene (50vol.%) and
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(polyethylene glycol) methyl ether)-2-bromoisobutyrate (9.99 x 104  mol, 0.5594 g 
(X -  12), 2.0100 g (X -  45), 4.9989 g (X = 113)) were added at room temperature. 
The mixture was deoxygenated by three freeze-pump-thaw cycles after which the N- 
(«-propyl)-2-pyridylmethanimine ligand was added (2 mol equiv. to CuBr, 19,98 x 
10 mol, 0.31 mL). Next the Schlenk tube was immersed in a thermostated oil bath at 
the reaction temperature (time = 0  s). Samples for analysis of the molar mass 
distribution (MMD) and monomer conversion were taken at different intervals 
throughout the reaction. Catalyst residues were removed by passing the samples 
through a short column of basic alumina prior to SEC and NMR analysis.
When DPs under 100 were targeted, polymerisations were stopped at lower 
conversions equivalent to the molecular weight aimed for (e.g. PMMA = 5,000 g/mol 
was obtained by stopping the reaction at 50% conversion).
7.3.2.2. ’l l  NMR polymerisation.
For the reactions followed in-situ by 'H NMR, Y-(«-octyl)-2-pyridyImethanirnine was 
used as ligand, with a molar ratio o f 3:1, with respect to CuBr so to ensure that the 
complex was fully soluble, for all temperatures. For a DPth = 100, the procedure was 
as above. MMA (1.99 x 10'2 mol, 2.0000 g), Copper (1.99 x 104  mol, 0.0286 g), N- 
(n-octyl)-2-pyridylmethanimine (5.97 x 10 4  mol, 0.156 ml), (polyethylene glycol) 
methyl ether)-2-bromoisobutyate (4.99 x lo4  mol, 0.1119 g (X = 1 2), 0.4020 g (X =
45), 0.9998 g (X = 113)) and toluene-^ (2.00 g). An aliquot o f 2 mL of this solution 
was transferred to a Young’s tap NMR tube and with time = 0 s taken once the tube was 
at reaction temperature within the NMR spectrometer.
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When ethylene glycol diethyl ether was introduced as co-solvent, 1.80 g (EtO)2EG 
and 0 .2  g toluene-dg was measured.
7.3.2.3.PMMA block Molecular weight calculation.
The calculation of the final molecular weight was obtained by integration of the JH 
NMR spectrum of the final product, comparing the signals between 0.0 and 2.5 ppm 
(CH2 and CH3 of PMMA) and between 3.0 and 4.5 ppm (O-CH3 of PMMA and O- 
CH2-CH2 ofMeOPEG-Iiz).
7.3.2.4. GPEC analysis.
Gradient Polymer Elution Chromatography was performed using Kontron system with 
UV detection. The eluents were THF and water, with a flow rate of 1 mL min'1. THF 
(Aldrich) and water purified by reverse osmosis were used. The detector was a 
Kontron 332 UV/Vis, tuned at 254 nm. The column was a Spherisorb (5 micron 
particle size) ODS1 (C-18 bonded to a silica support), 100 mm by 14.6 mm. The 
system was calibrated with Polymer Laboratory poly(methyl methacrylate) standards 
and polyethylene glycol) standards.
7.4. Chapter 3: Amphiphilic block copolymers made by LRP from 
hydrophobic initiators.
7.4,1. Synthesis of phenvl-2-bromoisohutvratg
2 -bromoisobutyryl bromide (Lancaster, 98 %) was stored under dry nitrogen. 
Triethylamine (BDH, 99 %) was stored over sodium hydroxide pellets and 4 A
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molecular sieves for 48 hours and then filtered before use. Anhydrous THF (Romil 
“Hi-Dry”, 99.99 %) were stored over activated 4 A molecular sieves under dry 
nitrogen. All other reagents, unless otherwise stated, were used as received.
Phenol 18.85 g (0.20 mol) was dissolved in anhydrous THF (400 mL) with 
triethylamine (30.6 ml, 0.22 mol). 2-bromoisobutyryl bromide (26.4 mL, 0.22 mol) 
was added dropwise under an atmosphere of dry nitrogen. The reaction was left for 6  
hours at 25 °C before the solution was taken up in dichloromethane (100 mL) and 
washed successively with saturated, aqueous sodium hydrogen carbonate solution (3  x 
100 mL). The resultant organic phase was dried over anhydrous magnesium sulphate 
and the solvent removed under vacuum to give a slightly yellow/brown liquid. This 
was vacuum distilled at 58 °C and 0.2 Torr to give a colourless liquid Yield = 28.9 g 
(72.7 %)
'H NMR (CDCI3,298K, 300 MHz) 8  7.41 (t, 7 =  7.6 Hz, 2 H), 7.26 (t, 7 =  6.9 Hz, 
1H), 7.13 (d, 7 =  8.7 Hz, 2 H), 1.93 (s, 6  H)
13 C {'H} NMR (CDCI3, 298K 100.6 MHz) 8  169.40, 150.38, 129.09, 125.74,
120.74,64.14,29.09
IR absorption v (cm'1) 3044,2985, 2936, 1754, 1591, 1456, 1389, 1371, 1265, 1186, 
1161,1140,1107,1070,1006,938,911,859, 745,688 
Mass spectrum: m/z = 200, 198 (mass peaks) 131, 94, 77, 65,41 
Elemental analysis: 60.36 %C, 5.58 %H, (theoretical; 60.46 %C, 5.58 %H).
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7.4.2. Polymerisation of PEG-MA in toluene.
Targeted degree o f polymerisation, DPrheo = 10.
CuBr (0.442 g, 3.1 mmol) were placed in a Schlenk tube and placed under a nitrogen 
atmosphere. Deoxygenated (PEG)MA (14.8 mL, 0.031 mol), toluene (50vol.%) and 
phenyl-2-bromoisobutyrate (0.751 g, 3.1 mmol) were added at room temperature. The 
mixture was deoxygenated by three freeze-pump-thaw cycles after which the N-(n- 
propyl)-2-pyridylmethanimine ligand was added (2 mol equiv. to CuBr, 6.2 mmol, 
0.97 mL). Next the Schlenk tube was immersed in a thermostated oil bath at the 
reaction temperature (time = 0 s). Samples for analysis o f the molar mass distribution 
(MMD) and monomer conversion were taken at different intervals throughout the 
reaction. Catalyst residues were removed by passing the samples through a short 
column of basic alumina prior to SEC and NMR analysis.
7 4 3. Polymerisation of MeOPEG-MA in toluene.
7.4.3.1.Schlenk polymerisation.
Targeted degree of polymerisation, DP-rheo =  1 0 .
CuBr (0.442 g, 3.1 mmol) were placed in a Schlenk tube and placed under a nitrogen 
atmosphere. Deoxygenated MeO(PEG)MA (10 mL, 0.031 mol), toluene (50vol%) and 
phenyl-2-bromoisobutyrate (0.751 g, 3.1 mmol) were added at room temperature. The 
mixture was deoxygenated by three freeze-pump-thaw cycles after which the N-(n- 
propyl)-2-pyridylmethanimine ligand was added (2 mol equiv. to CuBr, 6.2 mmol, 
0.97 mL). Next the Schlenk tube was immersed in a thermostated oil bath at the 
reaction temperature (time = 0 s). Samples for analysis of the molar mass distribution
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(MMD) and monomer conversion were taken at different intervals throughout the 
reaction. Catalyst residues were removed by passing the samples through a short 
column of basic alumina prior to SEC and NMR analysis.
7.43.2. !H NMR polymerisation.
For the reactions followed in-situ by 'H NMR, JV-(n-octyl)-2-pyridylmethanimine was 
used as ligand, with a molar ratio of 3:1, with respect to CuBr so to ensure that the 
complex was fully soluble, for all temperatures. For a DPth = 10, the procedure was as 
above. MeOPEG-MA (10.3 mmol, 5.00 g), Copper (1.03 mmol, 0.147 g), N-(n-octyl)- 
2-pyridylmethanimine (3.09 mmol, 0.675 g), ethyl-2-bromoisobutyrate (1.03 mmol, 
0.250 g) and toluene-<78 (5.00 g). An aliquot of 2 mL of this solution was transferred 
to a Young’s tap NMR tube and with time = 0 s taken once the tube was at reaction 
temperature within the NMR spectrometer.
7.4.4. Polymerisation of MeOPEG-MA in water
7.4.4. ¡.Synthesis o f  (l,2-dihydroxypropane-3-oxy)-2-bromoisobutyrate.
2,2-Dimethyl-l,3-dioxolane-4-methoxy-2-bromoisobiityrate, 1.
1 was prepared by esterification of 2,2-dimethyM,3-dioxolane-4-methanoI with 2- 
bromo-2-methylpropionylbromide. Triethylamine was dried over KOH pellets and 
glassware dried at 150°C overnight prior to use. 2,2-Dimethyl-l,3-dioxolane-4- 
methanol (0.04 mol, 5.29 g), triethylamine (0.08 mol, 8.10 g) and anhydrous 
tetrahydrofuran (50 mL) were charged in a 100 mL round-bottomed flask equipped 
with a magnetic stirrer and cooled to 0 °C with an ice-bath. 2-Bromo-2-
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methylpropionylbromide (0.044 mol, 5.44 mL) was added dropwise via syringe. The 
mixture was subsequently stirred for 45 min while being brought to ambient 
temperature. The reaction mixture was poured into an excess of cold water and 
extracted with 50 mL of diethyl ether. The organic layer was washed with a saturated 
aqueous solution of Na2C03 acidified water (pH * 4.5), and a second aliquot of 
saturated aqueous solution of Na2CC>3. The organic layer was dried over anhydrous 
Na2S 04, filtered and the solvent under vacuum. 1 was isolated as slightly yellowish 
oil (89%). *H NMR (DMSO-40 8 1.30 and 1.37 (each s, 3H, 0C(CH3)20), 1.92 (s, 
6H, C(CH3)2Br), 3.75 (dd, 1H, C5HaHb, Jab = 8.55 Hz, Jz = 6.10 Hz), 4.05 (dd, 1H, 
C5HaHb, Jab = 8.55 Hz, JE = 6.41 Hz), 4.15 (dd, 1H, CHaHb, Jab = 11.60 Hz, JE = 4.89 
Hz), 4.22 (dd, 1H, CHaHb, Jab = 11.60 Hz, Jz = 3.97 Hz), 4.31 (m, 1H C4H). 13C 
NMR (DMSO-c/tf) 8 25.6 and 26.8 (1C, OC(CH3)20), 30.6 (2C, C(CH3)2Br), 57.3 (1C, 
C(CH3)2Br), 65.5 (1C, C5HaHb), 65.7 (1C, CHaHb), 73.3 (1C, C4H), 109.2 (1C, 
0C(CH3)20), 171.0 (1C, C=0).
l,2-dihydroxypropane-3-oxy-2-bromoisobutyrate, 2.
A mixture o f 5.0 g of 1, 15 mL of glacial acetic acid, 40 mL of water and a catalytic 
amount of methoxybenzene were stirred for 30 min at 80 °C. The solution was cooled 
to room temperature prior to the addition of 50 mL of diethylether. The aqueous layer 
was saturated with sodium hydrogen carbonate by portionwise addition (CAUTION: 
formation of C02). The aqueous layer was separated and washed with 50 mL of 
diethyl ether. The crude product was obtained from the combined organic layers 
following removal of the solvent as yellowish oil. The product crystallized overnight 
on standing at ambient temperature. The crude yellowish solid was recrystallised from
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toluene (1 g in 25 mL) to yield pearl crystals (72%). 'h  NMR (DMSO-J6) 8 >H NMR 
(DMSO-fik) 8 1.91 (s, 6H, C(CH3)2Br), 3.40 (app. d, 2H, CH20H J  = 5.27 Hz), 3.70 
(m, 1H, CHOH), 4.04 (dd, 1H, CHaHb0C =0, Jab = 11.11 Hz, JE = 5.93 Hz), 4.15 (dd, 
1H, CHaHbOCO, / ab = 11.11 Hz, Jz = 4.53 Hz), 4.69 (br. s, 1H CH2OH), 4.97 (br. S, 
1H, CHOH). 13C NMR (DMSO-rftf) 8 30.7 (2C, C(CH3)2Br), 57.6 (1C, C(CH3)2Br), 
62.8 (1C, CH2OH), 67.3 (1C, CH20C=0), 69.4 (1C, CHOH), 171,1 (1C, C=0).
7.4.4.2.Polymerisation ofMeOPEG-MA in water.
1.4.4.2.1 .Schlenk polymerisation.
Typical polymerisation procedure for poly[poly(ethylene glycol) methyl ether 
methacrylate] with a targeted degree of polymerisation (DPibeo = 10) and a ratio M / 1 
/C u/Ligand= 1 0 / 1 / 1 / 3
CuBr (0.0589 g, 0.412 mmol) was placed in a Schlenk tube under a nitrogen 
atmosphere. Deoxygenated AHn-propyl)-2-pyridylmethanimine ligand (3 mol equiv. 
to CuBr, 1.24 mmol, 0,190 mL) was added, followed by deoxygenated water (2 g) 
The solution was heated for 5 min at 40°C, to ensure the dissolution of the complex in 
water. MeO(PEG)MA (2.00 g, 4.12 mmol), and l,2-dihydroxypropane-3-oxy-2- 
bromoisobutyrate initiator (0.412 mmol, 0.0993 g) were mixed separately and 
deoxygenated by three freeze-pump-thaw cycles. Finally the solution of 
macromonomer initiator was injected into the catalyst solution and the Schlenk tube 
immersed in a thermostated water bath (time = 0). Samples for analysis o f the MMD 
and monomer conversion were taken at different intervals throughout the reaction.
210
Chapter 7 Experimental.
When using a mixture of (Cu(I) / Cu(II) = 90/10, 50/50, 10/90 mole%) the quantity of 
Cu(I) and Cu(II) were modified keeping the overall amount of copper bromide = 
0.412 mmol.
When a lower concentration of copper was used, a stock solution in water was 
prepared (0.412 mmol of copper, 0.19 ml of ligand in 10 ml o f water). The stock 
solution (2 ml) was used where the [CuBr] was reduced by a factor o f 20, 2 ml o f the 
stock solution further diluted by x5 were where [CuBr] was reduced by 100.
1AA.2.2. *H NMR polymerisation.
For the reactions followed by on-line 'H NMR, the procedure was essentially the 
same as above, replacing water by D20 . An aliquot of 1 ml of the solution was 
transferred to a Young’s tap modified NMR tube, time t = 0 was taken once the tube 
was at temperature in the NMR spectrometer.
7,4,5, Polymerisation of MeOPEG-MA in toluene with varionc imtiaWo
7.4.5. l.Octadecyl-2-bromoisobutyrate.
7.4.5.1.1.Synthesis of the initiator.
1-Octadecanol {Aldrich, 99%} (2.3263 g, 0.0086 moles) was suspended in 
Anhydrous THF {Romil Hi Dry}(10 mL). The mixture was heated and stirred until 
the 1-octadecanol dissolved. Triethylamine (1.226 mL, 0.0088 moles) and 2- 
bromoisobutyryl bromide {Aldrich, 98 %}(1.44 mL, 0.0088 moles) were added 
slowly and the mixture was stirred at room temperature for 8 hours.
The solution was filtered and THF was removed by rotary evaporation. The organic 
liquid was dissolved in dichloromethane and washed extensively with saturated
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NaHC03 solution and distilled water. The product was dried over MgS04 and 
dichloromethane was removed by rotary evaporation to leave a pale yellow liquid. 
Yield = 73 %,FW = 420
Elemental analysis: 63.00 % C, 10.40 % H, (theoretical; 62.99 % C, 10.33 % H).
*H NMR (CDC13, 298 K, 300 MHz) 6 (ppm from TMS) = 3.63 (t, 2H, J = 6.03 Hz, - 
CH2-OH), 1.90 (s, 6 H, -CH3), 1.56 (m, 2H, CH2-CH2-OH), 1.26 (m, 30 H, -(CH2)|5-), 
0.86 (t, J = 6.03 Hz, 3 H, CH3-)
13C NMR (CDC13, 298 K, 75 MHz) 8 (ppm from TMS) 170.1, 65.6, 32.9, 32.0, 29.8, 
29.6,29.4,25.9,22.8,14.1
IR absorption v (cm*1) 3308, 2956, 2917, 2860 (Aik. C-H stretch), 1636 (C=0 
stretch), 1473,1463,1409,1378, 1123, 1072, 1063, 1051, 1039, 1022
7.4.5.1.2.Schlenk polymerisation.
Targeted degree of polymerisation, D P ^  = 10.
CuBr (0.442 g, 3.1 mmol) were placed in a Schlenk tube and placed under a nitrogen 
atmosphere. Deoxygenated MeO(PEG)MA (10 mL, 0.031 mol), toluene (50vol%) and 
Octadecyl-2-bromoisobutyrate (1.2986 g, 3.1 mmol) were added at room temperature. 
The mixture was deoxygenated by three freeze-pump-thaw cycles after which the N- 
(n-propyl)-2-pyridylmethanimine ligand was added (2 mol equiv. to CuBr, 6.2 mmol, 
0.97 mL). Next the Schlenk tube was immersed in a thermostated oil bath at the 
reaction temperature (time = 0 s). Samples for analysis of the molar mass distribution 
(MMD) and monomer conversion were taken at different intervals throughout the
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reaction. Catalyst residues were removed by passing the samples through a short 
column of basic alumina prior to SEC and NMR analysis.
7.4.5.2. OC-perfluoroalkyl-2-bromoisobutyrate.
7.4.5.2.I.Synthesis of the initiator.
Rf = (CF2)n, n ~ 8  from 19F analysis
Zonyl BA {Du Pont, purity unknown} (4 g, 0.0086 moles) was suspended in 
anhydrous THF {Romil Hi Dry}(10 mL). The mixture was heated and stirred until the 
Zonyl BA dissolved. Triethylamine (1.226 mL, 0.0088 moles) and 2-bromoisobutyryl 
bromide {Aldrich, 98 %}(1.44 mL, 0.0088 moles) were added slowly and the solution 
was stirred at room temperature for 8  hours.
The solution was filtered and THF was removed by rotary evaporation. The waxy 
solids were dissolved in dichloromethane and washed extensively with saturated 
NaHCC>3 solution, 1M HC1, and distilled water. The product was dried over MgS04 
and dichloromethane was removed by rotary evaporation to leave a pale yellow 
gelatinous solid.
Yield = 73 %,FW = 613
CH Theoretical 27.10,1.50 found 27.74,1.66
'H NMR (CDCI3, 298 K, 300 MHz) 8  (ppm from TMS) = 4.45 (t, 2H, J = 6.03 Hz) 
2.49 (tt, 2H, Jj = 6.03 Hz, J2 = 18.1 Hz), 1.90 (s, 6 H)
13C NMR (CDCI3, 298 K, 75 MHz) 8  (ppm from TMS) 171.6, 121-107 (heavily split 
CF signals), 58,55,30.5 (t), 30.7
19F NMR (CDCI3, 298K, 282.2 MHz) 8  (ppm from TMS) -81.4, -114.1, -122 3
122.5, -123.3, -124.2,126.7
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IR absorption v (cm"1) 3308, 2969, 2871, (Aik. C-H stretch), 1738, 1636 (C=0 
stretch), 1549,1524,1466,1435,1370,1296,1265,1228,1216,1204,1068
7.4.5.2.2.Schlenk polymerisation.
Targeted degree of polymerisation, DPyheo -1 0 .
CuBr (0.442 g, 3.1 mmol) were placed in a Schlenk tube and placed under a nitrogen 
atmosphere. Deoxygenated MeO(PEG)MA (10 mL, 0.031 mol), toluene (50vol%) and 
a-perfluoroalkyl-2-bromoisobutyrate (1.9003 g, 3.1 mmol) were added at room 
temperature. The mixture was deoxygenated by three freeze-pump-thaw cycles after 
which the Ar-(n-propyl)-2-pyridylmethanimine ligand was added (2 mol equiv. to 
CuBr, 6.2 mmol, 0.97 mL). Next the Schlenk tube was immersed in a thermostated oil 
bath at the reaction temperature (time = 0 s). Samples for analysis of the molar mass 
distribution (MMD) and monomer conversion were taken at different intervals 
throughout the reaction. Catalyst residues were removed by passing the samples 
through a short column of basic alumina prior to SEC and NMR analysis.
7.4.5.3.PMMA macroinitiator.
7 .4 .5 .3 .I.Synthesis of the initiator.
Copper (I) mediated polymerisation of MMA ([MMA]:[I]:[Cu]:[L] = 100:1:1:2) 
Cu(I)Br (0.1273 g, 0.89 mmol) and Cu(II)Br (0.0099 g, 0.0445 mmol) and a dry 
magnetic follower were charged to a dry Schlenk tube. The tube was sealed with a 
rubber septum underwent three vacuum / N2 cycles. Toluene (10 mL), MMA (10 mL, 
9.32 * 10'2 moles) and ethyI-2-bromoisobutyrate (0.136 mL, 0.932 mmoles) were 
added under N2. The Schlenk tube was subjected to three freeze pump thaw cycles
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and subsequently was heated to 90 °C with constant stirring. Once the reaction 
temperature had been reached, //-(«-propyl)-2-pyridylmethanimine ( 0.28 mL, 1,864 
mmoles) was added under N2 (t = 0). Samples were removed periodically using a 
degassed syringe for molecular weight and conversion analysis. The reaction was 
stopped after 2 hours, at 48% conversion.
M„ = 5,100 (PDI= 1.11)
7.4.5.3.2.Schlenk polymerisation.
Targeted degree of polymerisation, DPjheo = 10.
CuBr (0.442 g, 3.1 mmol) were placed in a Schlenk tube and placed under a nitrogen 
atmosphere. Deoxygenated MeOPEG-MA (10 mL, 0.031 mol), toluene (50vol%) and 
PMMA (15.81 g, 3.1 mmol) were added at room temperature. The mixture was 
deoxygenated by three freeze-pump-thaw cycles after which the W-(n-propyl)-2- 
pyridylmethanimine ligand was added (2 mol equiv. to CuBr, 6.2 mmol, 0.97 mL). 
Next the Schlenk tube was immersed in a thermostated oil bath at the reaction 
temperature (time = 0 s). Samples for analysis o f the molar mass distribution (MMD) 
and monomer conversion were taken at different intervals throughout the reaction. 
Catalyst residues were removed by passing the samples through a short column of 
basic alumina prior to SEC and NMR analysis.
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7.5. Chapter 4: Understanding of the kinetics o f polymerisation: 
Solvent effects.
15.1, Polymerisation of BzMA on 2ETBr. MeOPF.G-T|r  jn tol and rPtnypn 
folowed by ]H NMR.
7.5.1.1. Polymerisation o f BzMA using (poly (ethylene glycol) methyl ether) 2- 
bromoisobutyrate (MeOPEG-I) as macroinitiator
A  degree of polymerisation of 100 was targeted. CuBr (1.13 x jo*4 mol, 0.0162 g), 
BzMA (11.3 mmol, 2.00 g), (polyethylene glycol) methyl ether)-2-bromoisobutyrate 
(1.135 x 10 mol, 0.5855 g), A-(«-octyl)-2-pyridylmethanimine ligand (3.40 x 1 0 "4 
mol, 0.0743 g). The polymerisation was carried out as described in part 6.2.2.2 at 50 
°C.
7.5.1.2. Polymerisation of BzMA in various solvents
A degree of polymerisation of 100 was targeted. CuBr (1.13 x icy4 mol, 0.0162 g), 
BzMA (11.3 mmol, 2.00 g), solvent (2.0 mL of toluene-^, or 1.6 g toluene-Ja + 0.4 g
1,2-diethoxy ethane), ethyl 2-bromoisobutyrate (1.13 x lo-4 mol, 0.0221 g), N-(n- 
propyl)-2-pyridylmethanimine ligand (1.13 x ioA mol, 0.0743 g). The polymerisation 
was carried out as described above at 50 °C.
7.5.2. *H NMR study of copper complex in tolnene-ri» + fEtO^Fn
Cu(I)Br (0.41 mmol, 58.9 mg) was placed in a Schlenk tube under a nitrogen 
atmosphere. A-(n-Octyl)-2-pyridylmethanimine ligand, was added (2 mol equiv. to 
Cu(I)Br, 0.82 mmol, 0.22 mL). Deoxygenated (EtO)2EG (2 mol equiv. to Cu(I)Br, 
0.82 mmol, 0.1151 mL or 5 mol equiv. to Cu(I)Br, 2.05 mmol, 0.2878 mL) was added
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under nitrogen and the solution was stirred for 5 min. Once the medium was 
homogeneous, 2 ml of the solution was transferred to a Young’s tap modified NMR 
tube at ambient temperature, time t = 0 was taken once the tube was at temperature in the 
NMR machine.
7.5.3. *H NMR study of the stability of the copper complex in D2Q.
Cu(I)Br (0.41 mmol, 58.9 mg) was placed in a Schlenk tube under a nitrogen 
atmosphere. iV-(n-Propyl)-2-pyridylmethanimine ligand, was added (2 mol equiv. to 
CuBr, 0.82 mmol, 0.13 mL). Deoxygenated D20  was added under nitrogen and the 
solution was stirred for 5 min. To achieve complete dissolution of the complex the 
solution was heated at 40°C for a further 5 minutes. Once the medium was 
homogeneous, 2 ml of the solution was transferred to a Young’s tap modified NMR 
tube at ambient temperature, time t = 0 was taken once the tube was at temperature in the 
NMR machine.
7.5.4, UV spectrometry with Nile Red
Absorption spectra were recorded on a Perkin-EImer Lambda 9 electronic absorption 
spectrophotometer. Solutions were examined using stoppered quartz cells of 1 mm 
path length. Absorption spectra of Nile Red in several conventional solvents were 
obtained and found to be in good agreement with published data.26» The ionic liquids 
examined have no absorption bands in the region of interest.
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7.6. Chapter 5: Physical properties of the surface modifier agents 
synthesised.
7.6.1. Thermal properties.
7.6.1.1. Thermogravimetry.
Thermogravimetric analyses were performed on a Perkin Elmer TGA 51 under 
nitrogen at 5°C m in1. Approximately 10 mg of each sample were heated at a rate of 
10°C m in1 under a dry nitrogen atmosphere and the weight loss of the polymer was 
measured as a function of temperature.
7.6.1.2. Dijferential Scanning Calorimetry.
DSC measurements were carried out on a Perkin Elmer DSC Pyris 1 calibrated with 
indium and cyclohexane. Each sample was scanned with a heating rate o f 10 °C min'1. 
Four subsequent scans were performed. The measured DSC data are averaged on 
three last subsequent scans. The glass transition temperature Tg, the change in 
specific heat ACp, and the width of the glass transition temperature region ATg were 
determined by standard extrapolating the linear portion of DSC traces.261
7 7. Surface properties.
7.6.2.1. Contact angle measurement.
7 .6 .2 .1.1. Contact angle by the sessile drop method.
Polymer films were prepared from 1.5 wt. % solutions in dichloromethane. Glass 
slides were washed with water and acetone followed by tissue drying. Films were 
formed by spin coating. Static advanced and receded contact angles were measured on
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a horizontal stage and viewed by microscope linked PC. Water (Millipore deionised) 
(typically 30 (iL) was placed on the film using a manual micrometer driven syringe 
with the needle remaining in the droplet. The angle was advanced by either addition 
of 10 pL of liquid or by dragging the drop across the surface by means of the syringe 
needle mounted on a manually driven micrometer translational stage (both methods 
gave identical results). The drop was receded either by withdrawing 10 pL of liquid or 
observed as the trailing side of the displaced drop as outlined above (both methods 
gave identical results). Contact angles were measured from the recorded images using 
Adobe Photoshop. At least six measurements of each angle were recorded and the 
results quoted were an average. Results were normally subject to an error of ± 2°. 
Annealed samples were baked in an oven at 140°C for 12 hours.
7.6.2.1.2. Contact angle by the Wilhelmy technique.
Dynamic contact angles were measured for polymer films dip coated in 1.5 wt % 
solution in dichloromethane and annealed at 140°C for 24 hours.
7.6.2.2. Aggregate properties.
7.6.2.2.1.CMC measurement by tensiometry.
Solutions of varying concentrations of the polymer were accurately made up in 
doubly distilled, filtered (0.45 micron) water under dust free conditions.
A Pt ring was flame cleaned and mounted on the tensiometer DST9005 (Nima 
Technology) balance. Distilled water was added to the test vessel and the surface 
tension was verified as 72.8 mN m'\ The test vessel was washed with filtered (dust 
free) acetone and dried using filtered compressed air. The Pt ring was flame cleaned
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and the surface tension of the least concentrated polymer solution was measured. This 
procedure was repeated for all samples.
7.6.2.2.2. CMC measurement by fluorimetry.
The following method was followed as a modification to that outlined by Winnik et 
a!.262
A stock solution on pyrene {Aldrich, 99%} (0.20 g) in filtered acetone {BDH, HPLC 
grade}(200 mL) was accurately made up. Aliquots of pyrene solution were added to 
volumetric flasks so that each had a concentration of 1 * 10'7 mol dm’3. The flasks 
were then dried by filtered compressed air. Solutions o f varying concentration the 
polymer were accurately made up in doubly distilled, filtered (0.45 micron) water 
under dust free conditions in these volumetric flasks. In the emission measurements, 
the solutions were irradiated with UV at 333 nm and the emission spectra were 
measured for wavelength between 360 nm and 460 nm. In the excitation experiments, 
the solutions were irradiated with a range of wavelength from 300 nm to 360 nm and 
the emission spectra were recorded for 394 nm. Intensities for X = 333 nm and 338.5 
nm were compared.
7 .6 .2 .2 .3 . Aggregate size measurement by Dynamic Light Scattering (DLS).
Dynamic light scattering measurements were done using the Malvern Zetasizer 
3000HS spectrometer equipped with a 5mW-helium neon laser operating at 633 nm 
and a 7132 correlator operating in 8 x 8 groups. Determination of the hydrodynamic 
diameter was done using the CONTIN and NNLS algorithms. All measurements were
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carried out at a scattering angle 90° and a temperature of 25°C. A standard latex of 
200 nm diameter (Duke scientific) was used as calibration standard.
221
Chapter 8 
Appendix
Chapter 8 Appendix.
8.1. Appendix 1
Molecular weight - Definitions
The molecular weight of a polymer is one of its most important characteristics, as it 
plays an important role in its properties, and therefore its application.
In most of the polymerisation processes, the product formed will not contain polymer 
chains of the same length (monodisperse species), but will show a distribution of 
differing length polymer chains and hence a distribution of molecular weights. 
Therefore, to give an idea of the actual size of the polymer chains, an average 
molecular weights is used, this average being calculated in different ways, and each 
way having its own value. The most commonly used are:
The Number Average Molecular Weight, M„:
The number average molecular weight is the total weight of all the polymer molecules 
in a sample, divided by the total number of polymer molecules in a sample.
M P(M) dM
Mn= —--------------- eq. A.l
n P(M)dM
The Weight Average Molecular Weight, Mw:
The weight average is based on the fact that a bigger molecule contains more of the 
total mass of the polymer sample than the smaller molecules do. Therefore, each
molecule is ‘weighted’ by its concentration in the sample: MP(M)
MP(M)dM
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To get the Weight Average Molecular Weight, we sum the different ‘weighted’ 
molecular weights:
M 2 P(M)dM
Mw --------------------  eq. A.2w MP(M)dM 4
The Plot Thickens: Viscosity Average Molecular Weight, Mv 
Molecular weight can also be calculated from the viscosity of a polymer solution, 
based on the principle that bigger polymers molecules make a solution more viscous 
than small ones do.
Mv is closer to the weight average than the number average.
[  M1+aP(M)dMla
v_  MP(M)dM eq.A.3
P(M) represents the number of molecules of molecular weight M. The weight of the 
molecules is defined as W(M) = M P(M).
Because of the different way of calculating the average molecular weight, it is more 
usual to consider the actual molecular weight distribution (MWD) of a polymer. 
Figure A l.l gives an example of a distribution of molecular weight. The knowledge 
of this distribution could be critical in predicting the physical caracteristic and the 
performance of the polymer.
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Mn
Figure A l.l: Example of a distribution of molecular weight.
The polydispersity of the sample is defined as:
PDI = M,
M. eq. A.4
The minimum value od the PDI is 1, for monodisperse samples. On figure A.1, it is 
represented by the width of the distribution.
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8.2. Appendix 2
8.2.1. Molecular weight determination by gel permeation chromatography 
(GPC1,
8.2.1.1. Theory -  Principle
A wide range of methods can be used for the determination of the MWD. However, 
methods based on colligative properties, light scattering, or viscosity.263.264 can only 
give an average of the MWD and not the whole distribution. Only gel permeation 
chromatography (GPC), based on the principle of size exclusion chromatography 
(SEC) can give the whole distribution of molecular weight.
A definition of chromatography similar to one originally stated by Harold H. Strain 
(Recipient of the first ACS award in chromatography, 1961) is as follows: 
Chromatography is a separation method in which a mixture is applied as a narrow 
initial zone to a stationary, porous sorbent and the components are caused to undergo 
differential migration by the flow of the mobile phase, a liquid or a gas.
The originator of chromatography as it is practiced today was a Russian botanist, 
Michael Tswett (1872-1919). In 1906 he published a paper describing the separation 
and isolation of green and yellow chloroplast pigments by column adsorption 
chromatography and stated that "Chromatography is a method in which the 
components of a mixture are separated on an adsorbent column in a flowing system".
It is far later, in 1964, that J. C. Moore will develop the gel permeation 
chromatography as a practical method.
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T h e p rin cip le  o f  G PC  is based  on  the separation o f  m o le c u le s  b y  their s iz e , or m ore  
accu rate ly  b y  their hydrodynam ic v o lu m e (V h). T he h yd rod yn am ic v o lu m e  is the 
v o lu m e  that a p o ly m er  chain  w ill o ccu p y  in a certain  so lv en t. For linear m o le c u le s , 
th is v o lu m e  is  d irectly  related to their m olecu lar w eigh t.
Figure A2.1: Schematic of the elution of polymer chains in a chromatographic 
column containing beads of cross-linked polymers.
A  sa m p le  o f  p o ly m er  sh o w in g  a range o f  d ifferen t m o lecu la r  w e ig h t is  d isso lv e d  in a 
so lv e n t, ca lled  elu en t. T h e so lu tion  is  in jected  in a co lu m n , con ta in in g  bead s o f  a 
cro ss-lin k ed  p o lym er, u su a lly  m ade o f  P o ly (sty ren /d iv in y lb en zen e). W h ile  m igrating, 
th e d ifferen t m o le c u le s  can  interact w ith  th e co lu m n . M o le c u le s  w ith  a sm a ller  V h w ill 
h a v e  the opportun ity  to v is it any  ca v ities , stay in g  lon ger  in the co lu m n , w h ile  b ig g er  
V h ch a in s w ill be m ore ex c lu d ed  and therefore co m e  out faster  (F igu re A 2 .1 )  
D ifferen t co lu m n s are co m m ercia lly  ava ilab le , sh o w in g  a  d ifferen t range o f  ca v ity  
s iz e , h e lp in g  in a separation o f  a certain m o lecu lar  w e ig h t range.
T h is  resu lts in the separation o f  the d ifferent m o le c u le s  at the e x it  o f  th e co lu m n  
w h ic h  are then  a n a lysed  b y  a detector. T he m ost co m m o n  d etec to r  u sed  is  the
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differential reffractive index (DRI) which measure the difference in refractive index 
between the sample and the pure eluent. One can find as well, for exemple, UV 
absorbence detectors more accurate because o f a better signal to noise ratio, but 
dependent on the presence of UV chromophores in the polymer, or IR absorbence 
detectors limited to the use of IR sensitive polymers. In any cases, the raw signal 
given by the detector is directly proportionnal to the mass of polymer fraction passing 
throw the detector.
The task of GPC data interpretation is to convert the raw signal given by the detector 
intensity vs. elution time, in a molecular weight distribution. This can be done by the 
knowledge of a calibration curve (LogM vs Elution time) and by the proportionality 
between detector signal and mass of polymer fraction. A calibration curve is usually 
created by the use of well characterised polymers of narrow polydispersity. The LogM 
vs Elution time plot resulting is generally fitted by a third order polynomial.
As the answer of the detector (hv) is proportional to the mass of the polymer fraction 
of interest, the chromatogram has to be normalised to give the weight percentage of 
polymer by volume unit (Vei). This is done by dividing the value o f the answer for a 
sample at an elution volume, Ve[, by the sum of all the answers: 
dw _ h(Vei)
dVel h(Vel )dVel e<J-A-5
The normalised chromatogram is then combined with the calibration curve to give a 
distribution in term of logarithm of molecular weight rather than in term of volume:
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, x dw dw dVel
W l^0gM ' " d(logM) ”  dVel X d(logM)
eq. A.6
We obtain then the percentage differential logarithm molecular weight distribution of 
the sample, which is a molecular weight distribution on a log molecular weight axis. 
This can be converted into a linear weight distribution, W(M), as follows:
Knowing the linear weight distribution W(M), the number distribution P(M) can be 
calculated:
If the standards and the sample are the same polymers, GPC will give the ‘absolute’ 
molecular weight. However, and this is the case most of the time, the standards for the 
polymer studied might not be available. Therefore, the simplest procedure is to use the 
universal calibration.
The universal calibration method is based on the fact that polymer of different type 
with the same molecular weight have different hydrodynamic volumes in solution. 
The hydrodynamic volume of a molecule in solution can be shown to be directly 
related to the intrinsic viscosity (r|) and the molecular weight of the polymer:265 
Vh = M vxti eq. A.9
dw ^ log(e) 
d(logM) M
= W (lo g M )x ^ ^ eq. A.7
eq. A.8
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The intrinsic viscosity is also related to the molecular weight by the Mark-Houwink- 
Sakurada equation:264’266
r| = K xM “
1 v eq. A. 10
where K and a  are parameters available in the literature, described for a specific 
polymer at a defined temperature in a certain solvent.
Combining these two equations leads to the universal calibration equation: 
l°gVh = logK + (a  + l)xlogM v eq .A .ll
This method, while readily applied, showed two major problems. Firstly, the 
molecular weight used is the Mv which is close to the Mw. Secondly, the literature 
shows a wide scatter of the Mark-Houwink parameters for a particular polymer. A 
way to overcome these problems is the use of on-line GPC coupling with 
viscosimeter267’268 or differential light scattering.26* Both of these methods being 
absolute functions of the molecular weight, the need for standards is avoided.264
8.2.1.2.Using Gel permeation chromatography.
As demonstrated earlier, the molecular weight is of first interest in living 
polymerisation. Plotting the evolution of the molecular weight with the conversion 
helps polymer chemist to show the ‘living’ character of the polymerisation. 
Theoretically, in a ‘living’ system, polymer chains grow in parallel, each of them 
keeping the same length as the others at any time. Therefore, by plotting the 
molecular weight and PDI versus conversion, a first order polynomial joining the 
origin to the ‘aimed’ molecular weight and low PDI values will demonstrate the living 
character o f the polymerisation. As seen above, GPC is the most current method of 
finding the molecular weight of a product, and more specifically the M„, Mw and PDI
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Therefore, it is generally accepted in most publications to plot molecular weight vs. 
conversion, trying to follow as much as possible the ‘theoretical’ first order plot, 
independently of the polymer analysed and the GPC standards.
We propose inhere a model of the analysis of the molecular weight evolution during 
the polymerisation in a ‘perfect’ living system, and its interpretation when analysed 
with a PMMA-calibrated GPC.
In a first time, we will assume the perfect living polymerisation of polystyrene (PS). If 
the final molecular weight aimed is 10,000, the plot of the evolution of molecular 
weight vs conversion can be modelised by the function F(x) = lOOx, with a molecular 
weight of 10,000 at 100% conversion.
At any time, the PS molecular weight M, is dependant to the hydrodynamic volume, 
as follows, by transformation of equation A.l 1:
hydrodynamic volume makes them eluting at a volume VeU However, using the 
PMMA calibration curve, this volume of elution V e, will be associated to a 
hydrodynamic volume V h ,PMMA. Therefore,
Then, transforming the equation A. 12, we can calculate the equivalent molecular 
weight of PMMA given by the GPC:
eq. A.12
When the molecules of molecular weight M PS are injected through the column, their
rPMMA
h,i eq. A.13
,,P M M A  _ eq. A.14M ,  - | ^ K m M A x V irPMMA
h.l
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It is then possible to link the actual PS molecular weight to the molecular weight
answer of the GPC (i.e. the PMMA molecular weight) by combining the equations 
A. 13 and A.14:
Mf MMA
Kfs V 1
j^PMMA
af*+l
x (M, )PSxar1' '+1 eq. A.15
This being true for any Mi, we can sum this equation for any molecular weight from 0 
to 10,000:
M,pmma " Kfs V +1j^PMMA
a.- +1
x(M ps)a‘ '+i
Fpmma(x) =
Kps V +1
jrPMMA
a^ +l
xFps(x) a r - +I
cq. A.16
eq. A.17
Knowing the K and a  values for both polymer from the polymer handbook (table 
A.l), we can plot the two function, see figure A2.2.
Polymer a  K*10A3 (dl/g)
PMMA(THF, 30°C) 069 0.000128
PS(THF, 30°C) 0.428 0.0017
Table A.1: Mark-Houwink parameters for PMMA and PS at 30°C in THF.
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Figure A2.2: Theoretical evolution of the molecular weight during the living 
radical polymerisation of styrene (—) and as analysed by PMMA 
calibrated GPC(—).
W h ile  F PS(x ) , th e  actual m o lecu la r  w e ig h t, is  a first order p o ly n o m ia l, th e p lot 
r e su lt in g  o f  th e  m o lecu la r  w e ig h t g iv en  b y  P M M A -ca lib ra ted  G P C  is  a  curve. 
T h ere fo re , a  fittin g  o f  th e se  resu lts b y  a straight lin e  w o u ld  b e  w ro n g . F igure A 2  3 
s h o w s  th e  first d er iv a tiv e  o f  each  cu rv es, w ith  F PS( x ) ’ =  100  a s  ex p e c te d , and  
F pmma( x ) ’ a  fu n ction , co n firm in g  th e non  lin earity  o f  th e ‘G P C  m o lecu la r  w e ig h t ’.
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Figure A2.3: First order derivative of the theoretical evolution of the molecular 
weight during the living radical polymerisation of styrene ( - )  and 
as analysed by PMMA calibrated GPC(—).
In ord er  to  u se  a  m o d el for  d ifferen t c a se s , th e sa m e ca lcu la tio n  w a s  undertaken on  
d ifferen t p o ly m er , s till u s in g  a P M M A -ca lib ra ted  G P C . T h e c a se  o f  a p o ly m er  c lo s e  to  
th e  P M M A  w a s  stu d ied  (P o ly  V in y l A c e ta te , P V A c ), a p o ly m e r  sh o w in g  d ifferen t 
ch a in  p rop erties, and  o f  first in terest in  th is  w ork  (P o ly  E th y len e  O x id e , P E O ), and a 
c o p o ly m e r  (sta tis tic  c o p o ly m e r  P o ly  E thyl A c r y la te - P o ly  M eth y l M eth acry la te , P E A - 
P M M A  sta t8 0 /2 0 m o l) . T h e d ifferen t K  and a  v a lu e s  are su m m a rised  in tab le  A .2 .
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Polymer a K*10A3 (dl/g)
P M M A (A c e to n e , 2 5 C ) atactic 0.71 0 .0 0 0 6 7 6
P V A c (A c e to n e , 2 5 C ) 0 .6 8 0 .0 0 0 2 1 4
P E O (A c e to n e , 2 5 C ) 0 .6 7 0 .0 0 0 3 2
P E A -P M M A  sta t8 0 /2 0 m o l(A c e to n e , 2 5 C ) 0 .5 7 0 .0 0 0 6 2
Table A.2: Mark-Houwink parameters for PMIMA, PVAc, PEO and PEA- 
PMMA stat80/20mol at 25°C in Acetone.
F ig u re  A 2 -4  sh o w s the p lo t o f  the d ifferen t m o d e l. T h e  b lack  cu rve  is  a lw a y s  the  
actu a l p lo t o f  m o lecu la r  w e ig h t o f  p o ly m er  X , w h ile  the co lo u red  cu rv es are the 
a n sw e r  o f  th e G P C  for th e p o ly m er  X .
Figure A2.4: Theoretical evolution of the molecular weight during the living 
radical polymerisation (—)and as analysed by PiYIMA calibrated 
GPC for of methyl methacrylate (—), vinyl acetate (—), ethylene 
oxyde (—) and Ethyl Acrylate/ Methyl Methacrylate (—).
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W e o b serv e  a c o m p le te ly  d ifferent b eh av iou r  o f  the d ifferen t cu rv es, g iv in g  a w ron g  
fin a l m o le c u la r  w e ig h t. T h e p lo t o f  the d er iv a tiv es o f  th e se  fu n ctio n s sh o w s  aga in  th e  
n o n -lin ea r ity  o f  the G PC  m olecu lar  w e ig h t (F igu re A 2 -5 ) .
Figure A2.5: Firs, order derivative of the theoretical evolution „f ,hc molecular 
weight during the living radical polymerisation (-)a n d  as analysed 
by PMMA calibrated GPC for of methyl methacrylate ( _ ) ,  Vy „ y |  
acetate ( - ) ,  ethylene oxyde ( - )  and Ethyl Acrylate/ Methyl 
Methacrylate (—).
A s  a c o n c lu s io n , it has been  d em onstrated  b y  u s in g  th is  m o d el that th e u se  o f  G P C  can  
b e  d a n g ero u s i f  not handled  w ith  care. W h ile  u s in g  a G P C  ca lib rated  w ith  sa m p les
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different than the polymer analysed, one cannot expect the molecular weight obtained 
to be accurate, neither following the different theoretic molecular weight rules. 
Conversely, the model studied above presents certain limits, as discussed previously. 
However, these problems are limited: Firstly, working with living polymerisation 
products implies a narrow MWD, which justifies the approximation of Mv = Mw. 
Secondly, the K and a  values chosen have been reported and accepted by many 
research groups.
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8.3. Appendix 3
8,3.1. Influence of a narrow PDI macro-initiator.
It has been shown in Appendix 2 that the use of GPC with polymers different than the 
calbration could give wrong molecular weights. We propose inhere to investigate the 
effect of AB block copolymer on the GPC analysis in the case of radical 
polymerisation initiated by a macroinitiator (A).
Modelling the polymerisation of MMA by free radical polymerisation can predict the 
molecular weight distribution, using a Schulz-Flory distribution.266 The normalised 
number and weight molecular weight distributions of the product would be, 
respectively:
n(M) = Mwt(i)xp i", x ( l - p ) eq. A.18
w(M) = i x M wt( i )xp i- ' x ( l - p )2 eq. A.19
with, Mwt(i) = ixM wt (i = number of units, Mw, = Molecular weight of the
. . . . . .  • M0-Mmonomer), p -  probability of reaction asp = ^ (Mo = Monomer at t=0, M =
Monomer at t).
Then, by definition,
ix M wtxn(M)xdM  
Mn“ n(M) x dM
eq. A.20
ixM ^xw iM JxdM
M -------- ---------------------
w(M) x dM
eq. A.21
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PDI = cq. A.22
Mn
w ith  n ( M ) x d M  =  w (M ) x d M  =  1 , as n (M ) and w (M ) are n orm alised .
In the c a se  o f  the h om op olym érisa tion  o f  M M A , Mwt =  1 0 0 .12  g /m o l, and p =  0 .9 9  
w ill b e  used.
W h en  u s in g  a m acro-in itiator o f  narrow PD I for the p o lym erisa tion  o f  M M A , its 
p o ly d isp ers ity  w ill  be assu m ed  to b e  1, in  order to s im p lify  the ca lcu la tio n s. T h en , 
M  (i)  =  i x  M wt +  M , and p =  0 .9 9 . M i is d efin ed  as b e in g  the G PC  m olecu lar  w eigh t  
o f  ea ch  initiator. A ssu m in g  that the G PC  w ill an a lyse  the co p o ly m e r  as the sum m ation  
o f  th e m o lecu lar  w eig h ts  o f  the in itiator and o f  the P M M A  sy n th esised , figu res A 3.1  
and A 3 .2  sh o w  resp ectiv e ly  the p lot o f  n (M ) and w (M ) versu s M w t(i)  for the 
h o m o p o ly m ér isa tio n  o f  M M A  in itiated  b y  E th y l-2 -b rom oisob u tyrate  and tw o  
d ifferen t m acro-in itiators (M eO P E G -Ii2 and M e O P E G -Im ).
Figure A3.1: Number molecular weight distribution as function of the molecular 
weight of the units.
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Figure A3.2: Weight molecular weight distribution as function of the molecular 
weight of the units.
T h e  avera g e  num ber and w eig h t m olecu lar  w e ig h ts  can  then b e  ca lcu la ted , as 
d escr ib ed  b y  equation  A .2 0  and A .2 1 , and the PD I is  d ed u ced  (eq . A .2 2 )
B o th  n u m b er and w e ig h t average m o lecu lar  w e ig h ts  w ill b e  in creased  b y  the SE C  
m o le c u la r  w e ig h t o f  th e m acro-in itiator (r e sp ec tiv e ly  1 ,0 0 0  g /m o l and 9 ,0 0 0  g /m o l for  
M e O P E G -I i2 and  M eO P E G -In3). T h is d ifferen ce  w ill  d ram atica lly  a ffec t the PDI 
a n a ly s is  o f  the SE C , g iv in g  a va lu e  as lo w  a s  1.52 (ta b le  A .3 )  for the h igh est  
m o lecu la r  w e ig h t initiator. T h is is  ev id e n c e  that S E C  a n a ly ses  need  to be handled  
w ith  care. H o w ev er , in  the ca se  o f  a shorter in itiator ch a in , the in flu en ce  is  le ss  
im portant.
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M„ Mw PDI
Classic Initiator (2EIBr) 10,012 19,922 1.99
MeOPEG-Ii2 11,012 20,922 1.90
MeOPEG-In3 19,012 28,922 1.52
Table A.3: Summary of the different average molecular weights
polydispersity.
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8.4. Appendix 4
8-4..L Dynamic Light Scattering (BLSV Mathematical aonroach.255'257
8.4.1.1. Correlation o f the scattered signal.
Photon Correlation Spectroscopy (PCS), also known as Dynamic Light Scattering 
(DLS), is concerned with the investigation of correlation of photons. In a typical light 
scattering experiment single photons are detected with a single photon counting 
device. This detector transforms the signal from a single photon into an electronic 
signal, basically a ‘1’ or a ‘O’, depending on whether a photon was or was not 
detected in a certain time interval. The objective o f PCS is to find any peculiar 
properties of the scattered signal which can be used to characterize and describe the 
seemingly random "noise" of the signal, and the correlation curve is used to achieve 
this objective.
A typical way to describe a signal is by way of its ‘autocorrelation’. The 
autocorrelation function of the signal from the scattered intensity is the convolution of 
the intensity signal as a function of time with itself. In more abstract terms, if  the 
detected intensity is described as a function I(t), then the autocorrelation function of 
this signal is given by eq.A.23, where t is the shift time.
G(t) = “I(t)*I(t + r)dT eq. A>23
The above function is also called the intensity correlation function, and it is used to 
describe the correlation between the scattering intensities measured at t = 0 and some 
later time (t„ = to + t). Considering for example the schematics shown figure A4.1, 
where the frame represents the scattering volume, the black circle represents the
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particle, and the grey region represents the volume within which the particle must be 
contained. The scattering intensity at the detector is dependent upon the position of 
the particle relative to the detector. When considering very small time increments 
(micro-seconds), there is at to (t = 0) a finite volume of space within which the particle 
can move during the first time increment. This finite volume of space is called the 
diffusional volume. At t = ti, the particle has diffused a single step. Since the exact 
path is unknown, the diffusional volume or the volume of space within which the 
particle must reside considering all paths has expanded. The change in particle 
position is accompanied by a change in the measured scattering intensity at the 
detector. However, this new scattering intensity is still strongly correlated with that 
measured at to due to the finite diffusional volume and the correlation between the 
current and initial positions. As the shift time increases, the diffusional volume also 
increases. The increased diffusional volume is accompanied by a decrease in the 
correlation between the current and initial particle positions. The correlation is still 
present however, as long as the diffusional volume is finite. At longer times (frame 6), 
the diffusional volume becomes infinite, and the correlation between the initial and 
current particle position and the respective scattering intensities is lost.
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Figure A4.1: Schematic representing the scattering volume (frame) where a 
particle (black circle) moves in a defined volume (grey region) at 
different impulse time.
Figure A4.2: Intensity correlation function measured by DLS.
T h e  correlation  in particle p osition  at sm all sh ift tim es is  con ta in ed  w ith in  the 
m easu red  in ten sity  correlation function , an ex a m p le  o f  w h ich  is  sh o w n  figu re A 4 .2  In 
th e  a b sen ce  o f  a n y  applied  forces, the p article  p osition  is  d icta ted  b y  the d eg ree  o f
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Brownian motion. Therefore, the measured intensity correlation curve is an indirect 
measure of the particle’s diffusion coefficient.
In the intensity correlation function shown in eq. A.23, the shift time (t) is often 
referred as the delay time, since it represents the delay between the original and the 
shifted signal. In reality, the continuous intensity correlation function can not be 
measured. It can however, be approximated with discrete points obtained by a 
summation over the duration of the experiment. This summation is performed by the 
correlator which continuously multiplies and adds measured intensity values.
A defining parameter for a correlator is its speed, i.e. its ability to add up numbers 
fast, or inversely expressed, the smallest delay time that can be handled. This delay 
time (a) determines the smallest accessible time of G(t). Hence, G(a) is the first 
numerical point in the intensity correlation curve that can be experimentally measured 
for a given correlator. Using a time increment of a, a grid of experimental data values 
can be obtained. At the start of the experiment, to = 0. The first time then is at ti = a, 
the second is at t2 — 2a, and so on. As an array, the stream of numbers could be 
displayed in table A.4 format as shown below, with the experiment ending at t„ = na.
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Index Time Intensity
0 to = a I(to)
1 ti = a I(t.)
2 t2 = 2a m
n tn = na I(tn)
Table A.4: Number of intensity-signal received by the correlator during n 
acquisition.
The correlator now finds out how related these intensity numbers are to each other. It 
does this by comparing each number to its neighbour a defined time interval later. 
This comparison is carried through the duration of the experiment. As a summation, 
the comparison can be expressed as follows, where the upper summation limit is 
given by the appropriate index belonging to the largest available summation term for 
k.
Gk(Tk)=  Iitj^ IC t.+T j eq.A.24
¡=0
The above expression is very general and holds true for both linear and arbitrary delay 
times. To understand the meaning of this summation, let’s assume we would like to 
find G(ti) = G(a). According to the previous equation, G(ti) is defined as:
G(t, ) = I(t0)I(t0 + a) + I(t,)I(t, + a) + I(t,)I(t2 + a ) + I(t3)I(t3 + a ) +...
=  I(t0) I( t ,)  +  I ( t ,) I ( t2) +  I(t2) I(t3) +  I(t3)I(t4) + ... eq.A.25
In the same fashion, G(t2) is defined as:
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G(t,) = I(t0)I(t0 +2o) + I(t,)I(t1 + 2a) + I(tJ)I(tJ + 2a) + I(t,)I(t3 + 2a) + ...
= I(t0)I(t2) + I(t,)I(t3) + I(t2)I(t4) + I(t3)I(t5) +... eq. A.26
In table format, the correlation function values can then be written as given in table 
A.5.
Index Time Intensity Correlation function value
0 to = a I(to)
1 tj = a I(ti) °(t>) = I(t0 )x I(t,)+ I(t, )x I(t2)+... + l(tn_, )x l(tn)
2 t2 = 2a I(t2) G(t2) = I(t„ )x I(t2)+ I(t, )x I(t3)+... + I(t n.2 )x I(tn)
n
a
t„ = na I(tn) G(tn)= l(t0)x l(tn)
TtZiI _■___ _ . mTable A.5: Correlation function values received by the correlator during n
acquisition.
The series of G(t) values is typically normalised, such that the value for very large 
time (as t -> ~ ) is G(~) = 1. For standard light (with Gaussian statistics), this 
normalisation imposes a theoretically limit o f G(t0) = 2 at t = 0. However, only 
carefully optimised optical systems can ever achieve such a high intercept or 
amplitude.
For a random signal and a large measurement time, all G values would add up to 
roughly the same number. The signal would then be described as ‘uncorrelated’, and
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th e resultant in ten sity  correlation  cu rve w ou ld  look  like random  flu ctu a tion s about the  
b a se lin e , sim ilar  to in ten sity  correlation  curve for H20  sh o w n  in figu re A 4 .3 .
Figure A 4 .3 :  Intensity correlation function of an uncorrclatcd signal.
F or ligh t scattered from  d iffu sin g  m o le c u le s  h o w ev er , the in ten sity  correlation  curve  
ex h ib its  an exp on en tia l d ecay , in d icatin g  that the sign a l is  correlated .
Figure A4.4: Intensity correlation function measured by DLS.
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For typical diffusion processes the correlation function has the form of 1 plus an 
exponential decay function. The decay constant, y in the following expression, is 
representative of the diffusions properties of the particle under examination. Hence, 
evaluation o f y leads to the particle diffusion coefficient, which in turn is used to 
calculate the hydrodynamic radius via the Stokes Einstein equation.
G(t) = 1 + exp(-y * t) eq.A.27
The number of photons striking the detector during the course of the experiment is 
directly correlated with the acquisition or sample time. The more photons collected, 
the less noise in the autocorrelation curve. Hence, longer acquisition times are 
synonymous with smoother correlation curves and enhanced confidence in the 
experimental results. Because o f the correlation with photons collected, longer 
acquisition times are usually required at low sample concentrations, where the signal 
to noise intensity ratio is smaller.
On the other hand, the likelihood of a dust event is significantly increased at longer 
acquisition times. If a dust particle enters the scattering volume during the course of 
measurement, the correlation curve is shifted upward proportionally, and baseline 
evaluation becomes problematic.
On the upside, noise in the correlation curve can also be reduced via statistical 
averaging, i.e. by collecting multiple runs at short acquisition times. This approach to 
noise averaging is particularly useful for samples that are not clean despite multiple 
filtrations.
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8.4.1.2.Scattering Intensity, Mass and Number.
Figure A4.5: Intensity, mass and number distribution of particles measured by 
DLS.
A cco rd in g  to static  light scattering theory, the scattering in ten sity  o f  the i,h particle ( f )  
in a d istribution  o f  particles is proportional to both  the m o lecu lar  w e ig h t (M i) and the 
con cen tration  as g iv e n  in the s im p lified  form  o f  the R a y le ig h  exp ressio n  sh o w n  b e lo w  
(e q .A .2 9 ) , w h ere Q  is the w eig h t or m ass con cen tration , Nj is the num ber  
con cen tration , and K  is  a constant.
I i = K M iC i = K ( M i) 2 N i c q .A .2 8
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The size or radius (R) of the particle can be estimated from the molecular weight via 
the partial specific volume (Vp) as shown in the following expression, where NA is 
Avogadro’s number and x is a shape parameter equal to 3 for spheres and 2 for coils.
4 jr
M- RXN^  eq.A.29
After substitution, the simplified Rayleigh expression can be re-written in the 
following form, which relates the scattering intensity to the mass and number 
concentrations of the ith particle.
Ij =K'R*Ci =K"(R,x)2Ni eq.A.30
The mass and number distributions are then calculated from the intensity distribution
as shown below.
eq. A.31
eq. A.32
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